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'The supply of secure, clean, sustainable 
energy is arguably the most important 
scientific and technical challenge facing 
humanity in the 21
st
 century'. 
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ABSTRACT 
Depletion of oil and increased emissions of CO2 are two major concerns in today’s 
society, but there is, fortunately, also an increased interest in energy production from 
renewable sources, such as wind and solar. A drawback with these sources is their 
intermittent energy production, which can lead to periods where there is a deficit in 
electrical energy, but also to periods with excess energy. A process that combines the use 
of excess energy for production of CO2- neutral synthetic fuels, such as hydrocarbons and 
alcohols, is an attractive way to improve and balance the intermittency in such an energy 
system. The produced fuel can be used either directly for transportation or for production 
of electricity in periods were there is a deficit in electricity from the renewable sources.  
Electrolysis is a well known technique, among other things used for hydrogen 
production, but could also be of interest for synthesis of hydrocarbons and alcohols. The 
aim of this study was to make use of knowledge from existing electrolysis techniques in 
order to develop an electrolysis technique that can produce hydrocarbons and alcohols by 
a single step process using CO2 and steam (and/or hydrogen) as reactants. The operating 
temperature should preferably be between 200 - 300 ºC, because many hydrocarbons are 
stable at these temperatures. More precisely, the main focus was to evaluate the feasibility 
of both known and novel electrolyte materials as well as development and 
characterization of electrodes and full cells. The electrochemical performance of the 
fabricated cells was evaluated using electrochemical impedance spectroscopy, cyclic 
sweep measurements and chronoamperometry. 
The initial part of the study focused on electrolyte materials in order to find a 
promising candidate to be implemented in the full cells. Ten different phosphor based 
electrolytes materials were evaluated, these materials can roughly be divided into three 
classes of materials: pyrophosphates, orthophosphates and solid acids. Among all tested 
materials was CsH2PO4 found to be the most promising candidate. CsH2PO4 exhibit a 
conductivity of 20 mS∙cm-1 at 240 ºC. Several different cells with different platinum 
based anodes and copper based cathodes was fabricated and tested both as full cells and 
individual electrodes. The best cell type had an average resistance of 3.7 ± 0.7 Ω∙cm2 at 
an applied cell voltage of 1.5 V. The electrode resistance was 1.1 ± 0.1 Ω∙cm2. These 
measurements were performed in a single atmosphere setup (20 % H2O + 5 % H2 + 20 % 
CO2 + 55 % N2). One initial test using a high pressure test setup which allowed for 
separate gas compositions at the two electrodes was conducted at pressures from 1 up to 
40 bars, using a variety of gases and gas flows at the two electrodes. This test showed that 
the measured current density at a given applied cell voltage was dependent on both 
pressure and pH2 at the Pt- electrode, but not significantly dependent on the CO2 flow rate 
at the cathode. 
The main conclusion is that no evidence for electrochemical reduction of CO2 has 
been found using the Cu- based cathodes that were developed in this study. Although, 
there is still a chance that CO2 was reduced via heterogeneous catalysis in the cathode 
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compartment, especially at elevated pressures. It could also be that electrochemical 
reduction of CO2 using this cell concept is possible if the cells are modified in order to 
inhibit hydrogen evolution or to allow for operation at a more negative cathode 
overvoltage without rapid degradation. 
 
DANSK RESUMÉ 
Udtømningen af olieresurser og emissionen af CO2 gasser er to af de største udfordringer 
vores samfund i dag står overfor. Heldigvis er der samtidigt en øget interesse i 
energiproduktion fra bæredygtige energikilder som f.eks. vind- og solenergi. En ulempe 
med disse energikilder er deres uregelmæssige energiproduktion, som kan give periodevis 
henholdsvis underskud eller overskud af elektrisk energi. En proces der kan kombinere 
brugen af overskudsenergi til produktion af CO2-neutrale syntetiske brændstoffer, som 
f.eks. kulbrinter og alkoholer, er en attraktiv metode til at forbedre og afbalancere 
uregelmæssighederne i sådan et energisystem. Det producerede brændstof kan derefter 
blive anvendt enten direkte til transport, eller til produktion af elektricitet i perioder hvor 
energiproduktionen fra de bæredygtige energikilder er i underskud. 
Elektrolyse er en velkendt teknologi, der blandt andet anvendes til 
hydrogenproduktion, men som også er interessant for syntese af kulbrinter og alkoholer. 
Formålet med dette studie var at anvende den viden, der eksisterer indenfor 
elektrolyseteknologien til at udvikle en elektrolyseteknik, der kan producere kulbrinter og 
alkoholer i et enkelt trin ved at bruge CO2 og vanddamp (og/eller hydrogen) som 
reaktanter. Den foretrukne procestemperatur er 200-300 °C, idet mange kulbrinter er 
stabile ved denne temperatur. Mere præcist var det primære fokus at evaluere 
mulighederne for både kendte og nye elektrolytmaterialer, samt udvikle og karakterisere 
elektroder og hele elektrolyseceller. Den elektrokemiske ydeevne af de udviklede celler 
blev evalueret ved hjælp af elektrokemisk impedansspektroskopi, cyklisk voltammetri og 
chronoamperometri.  
Den første del af studiet fokuserede på elektrolytmaterialer med det formål, at finde 
en lovende kandidat til anvendelse i hele elektrolytceller. 10 forskellige fosfor-baserede 
elektrolytmaterialer blev evalueret. Disse materialer kan overordnet inddeles i tre 
materialeklasser: pyrofosfater, orthofosfater og faste syrer. Blandt alle de testede 
materialer blev CsH2PO4 vurderet til at være den mest lovende kandidat. CsH2PO4 har en 
ledningsevne på 20 mS∙cm-1 ved 240 °C. Flere forskellige celler med forskellige platin-
baserede anoder og kobber-baserede katoder blev lavet og testet, både som hele celler og 
som individuelle elektroder. Den bedste celletype havde en gennemsnitlig modstand på 
3,7 ± 0,7 Ω∙cm2 ved et anvendt cellepotentiale på 1,5 V. Elektrodemodstanden var 1,1 ± 
0,1 Ω∙cm2. Disse målinger blev udført i et enkelt-atmosphære setup (20 % H2O + 5 % H2 
+ 20 % CO2 + 55 % N2). En enkelt test hvor der blev anvendt et højtryks-setup som 
muliggjorde to forskellige gas-sammensætninger ved de to elektroder, blev udført ved 
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tryk fra 1 til 40 bar. Flere forskellige gasser og gas-flow blev her anvendt ved de to 
elektroder. Denne test viste, at den målte strømdensitet ved et specifikt cellepotentiale var 
afhængig af tryk og pH2 ved Pt-elektroden, men ikke specielt afhængig af CO2 flow 
hastigheden ved katoden.        
Den primære konklusion er, at intet bevis for elektrokemisk reduktion af CO2 er 
fundet ved anvendelse af de Cu-baserede katoder som blev udviklet i dette studie. Dog er 
der stadig den mulighed, at CO2 blev reduceret via en heterogen katalyse ved katoden, 
især ved forhøjet tryk. Elektrokemisk reduktion af CO2 i dette celle-koncept er måske 
også muligt, hvis cellerne bliver modificeret med til at modstå hydrogen-produktion eller 
hvis de laves stabilere med henseende til at drives ved en mere negative katode 
overpotentiale.  
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autoclave. Left: Cell design 1 and Right: Cell design 2.  
Figure 4.1. X-ray diffractograms for CeY10+P (annealed at 380 °C), SnY10+P (annealed at 590 
°C), ZrY10+P (annealed at 980 °C) and SiY10 (annealed at 980 °C). The step size was 0.02 
°. Open circles = respective MeP2O7, standing bars = respective metal oxide (MeO2), black 
squares = unknown peaks  
Figure 4.2. TGA measurements performed on the four different materials. Samples: a) CeY10+P 
(black), b) SnY10+P (red), c) ZrY10+P (blue) and d) SiY10 (green). Atmospheres: 1) Air, 
2) CO2, 3) 9% H2 in N2, 4) N2 and 5) Air. Dotted line: temperature. 
Figure 4.3. Total relative mass loss and losses associated with dehydration for CeY10+P, 
SnY10+P, ZrY10+P and SiY10. Closed markers = total relative weight loss at each 
temperature step and open markers = recorded relative mass loss of water at each 
temperature step.  
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Figure 4.4. Arrhenius plot showing the conductivity of SnY10+P (stars), CeY10+P (squares), 
SiY10 (circles) and ZrY10+P (triangles) at pH2O < 0.001 atm (open markers) and pH2O = 
0.20 atm (black, first measurement cycle). Gas: 9 % H2 in N2. Open orange markers 
correspond to the measured conductivities when the temperature was decreased back to 
starting conditions (T = 105 °C, pH2O = 0.20 atm).  
Figure 4.5.  Conductivity of CeY10+P (squares) and SnY10+P (stars) as a function of pH2O. 
Measurements were performed in air (with different levels of humidity) at a temperature of 
190 °C.  
Figure 4.6.  Conductivity of CeY10+P (squares) and SnY10+P (stars) as a function of pO2. 
Measurements were performed at 150 °C and with a pH2O < 0.001 atm.  (Be aware that the 
value of 10
-53
 is the theoretical value for 9 % H2 + N2 (pH2O = 0.001 atm, and the true 
values is most likely several orders of magnitude higher). 
Figure 4.7. Conductivity versus time for SnY10+P (squares) and ZrY10+P (triangles). The pH2O 
was alternated between < 0.001 atm and 0.20 atm in N2 and the temperature was kept at 
155 °C. 
Figure 4.8. X-ray diffractograms for a) SIY10 after performance test, b) SnY10+P and c) 
ZrY10+P after long term test and d) CeY10+P are measured after the initial performance 
test.  
Figure 5.1. XRD patterns of CeY10 powder (P:(Ce+Y) = 2.6) as synthesized and calcined at 380 
and 790°C for 6h and at 980 °C for 12h in air.  
Figure 5.2. XRD patterns of CeY10+P powder (P:(Ce+Y) = 3.1) calcined at 380, 600, 790 and 
980 °C in air for 3h. 
Figure 5.3. In-situ XRD patterns of CeY10 powder recorded at 350, 500 and 700 °C in air. 
Figure 5.4. XRD patterns of CeGd10 powder calcined at 350 and 400 °C in air for 12h. 
Figure 5.5. In-situ XRD patterns of CeY10+P:KH2PO4 composite recorded at 25, 100, 150 and 
200 °C in air. 
Figure 5.6. Mass of CeGd10, CeY10+P and CeY10+P:KH2PO4 relative to their original mass m0 
and corresponding temperature profile. 
Figure 5.7. Total mass loss and mass loss associated with dehydration of CeGd10, CeY10+P and 
CeY10+P:KH2PO4 relative to their original mass m0, at each temperature step. 
Figure 5.8. Conductivity of CeGd10, CeY10+P and CeY10+P:KH2PO4 as a function of time 
under varying pH2O at a) 100, b) 150 and c) 190 °C. 
Figure 5.9. Temperature dependence of the conductivity of CeGd10, CeY10+P and 
CeY10+P:KH2PO4 under dry (pH2O < 10
-3
 atm) and wet (pH2O = 0.2 atm) conditions. 
Figure 5.10. Long term conductivity of CeGd10 and CeY10+P at 155 °C in N2 under repeated 
hydration-dehydration cycles. 
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Figure 5.11. XRD patterns of CeY10+P and CeGd10 samples recorded after the long term 
conductivity measurement presented in Figure 5.10. 
Figure 6.1. XRD patterns of as synthesized and sintered samples. The number in the labels name 
indicates the sintering temperature.  
Figure 6.2. XRD patterns of sintered pellets, after electrochemical testing. The number in the 
labels name indicates the sintering temperature.  
Figure 6.3. SEM micrograph of a polished cross section of Ti370. Notice the presence of the 
YH2P3O10 and of the phosphorus rich-region. Cracks are due to sample preparation. 
Figure 6.4. P:(Ti+Y) ratios for Y- rich and Y- poor areas in as-synthesized material and  pellets 
sintered at different temperatures.  
Figure 6.5. Mass relative to original mass m0 and temperature profile for TG measurement. 
Figure 6.6. Total mass loss (mtot) and mass loss associated with dehydration (mH2O) relative to 
the original mass m0, at each temperature step. 
Figure 6.7. Conductivity of Ti370, Ti600C, Ti650, Ti970 as a function of time at 140 °C in air 
and H2/N2 under varying pH2O.  
Figure 6.8. Conductivity of Ti370, Ti600C, Ti650, Ti970 as a function of time at 220 °C in 
different atmospheres and at different humidity. 
Figure 6.9. Conductivity in dry air as a function of temperature, measured after the 
hydration/dehydration cycle at each temperature (see Figures 6.7 and 6.8), and conductivity 
extrapolated from data by Nalini et al. [11] for TiP2O7 in dry O2. 
Figure 6.10. Conductivity as a function of temperature in: (a) air, pH2O = 0.038 atm, (b) H2/N2, 
pH2O = 0.038 atm.  
Figure 6.11. Conductivity as a function of temperature in: (a) air, pH2O = 0.22 atm, (b) H2/N2, 
pH2O = 0.22 atm.  
Figure 7.1. Onset dehydration temperature for dehydration vs. equilibrium water partial pressure 
(pH2O) of the test atmosphere for CsH2PO4. Redrawn from [5]  
Figure 7.2. Room temperature powder X-ray diffractogram for CsH2PO4 synthesized following 
four different synthesis routes. a) Heat (evaporation) induced precipitation, P:Cs ratio = 
1.05, b) Ethanol induced precipitation, P:Cs ratio = 1.43, c) Methanol induced 
precipitation, P:Cs ratio = 1.43, d) Methanol induced precipitation, P:Cs ratio = 1.05  
Figure 7.3. Cross- section scanning electron micrographs (backscatter electron detector) of 
fractured and polished pellets pressed out of CsH2PO4 synthesized following three different 
synthesis routes. a) Ethanol induced precipitation, P:Cs ratio = 1.43, b) Methanol induced 
precipitation, P:Cs ratio = 1.43, c) and d) Methanol induced precipitation, P:Cs ratio = 
1.05. Bright phase = CsH2PO4, dark phase= CsH5(PO4)2. 
Figure 7.4. Powder X-ray diffractogram for a) BaHPO4, b) BaHPO4 and CsH2PO4 composite 
(50:50 wt %) and c) CsH2PO4, measurements were performed in Air, T = 25 ºC. 
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Figure 7.5. High temperature powder X-ray diffractogram for BaHPO4 carried out in air at a) 30 
ºC before heat treatment, b) 200 ºC, c) 300 ºC, d) 350 ºC, e) 450 ºC and f) 30 ºC after heat 
treatment. The samples where held at the desired temperature for 30 minutes before the 
XRD pattern was recorded.  
Figure 7.6. Weight loss curves and DTA results recorded for a) CsH2PO4, b) composite of 
CsH2PO4:BaHPO4 [50:50 wt %] and c) BaHPO4. The measurements were carried out under 
flowing air atmosphere (40 ml∙min-1, pH2O < 0.001 atm) with a heating and cooling rate of 
5 ºC∙min-1. 
Figure 7.7. Weight loss curves for CsH2PO4 recorded in CO2, air and 9% H2 in N2 (dry 
composition), humidified to 1.4 % H2O, using a heating ramp of 5 ºC∙min
-1
.  
Figure 7.8. Weight loss curves for CsH2PO4 recorded in dry (pH2O < 0.001 atm) and humidified 
(pH2O = 0.57 atm) air, using a heating ramp of 5 ºC∙min
-1
.  
Figure 7.9. Nyquist plots for conductivity measurements performed using three different 
electrodes, Ag- paste, Pt- paste and Pt- carbon papers. The measurements were carried out 
in 7% H2 + 20 % H2O balanced with N2 at 239 ºC. Filled marker = frequency decades 
ranging from 10
5
 Hz- 10 Hz. 
Figure 7.10. Arrhenius plot showing the measured total conductivity versus temperature for a) 
CsH2PO4, b) composite of CsH2PO4:BaHPO4 [50:50 wt %] and c) BaHPO4. Atmosphere: 7 
% H2, 73 % N2, 20 % H2O. Error bars indicates the estimated error from analysis of 
conductivity results. 
Figure 7.11. Measured conductivity of a) CsH2PO4 (red squares) and b) CsH2PO4:BaHPO4 
composite [50:50 wt %] (green stars) over time. Atmosphere: 7 % H2, 73 % N2, 20 % H2O, 
open circles = 80 % N2, 20 % H2O and open triangles = 80 % Air, 20 % H2O. Error bars 
indicates the estimated error from EIS analysis of conductivity results. 
Figure 7.12. X-ray diffraction patterns performed at room temperature for CsH2PO4 before (a) 
and after (b) the long term test shown in Figure 11. STOE Theta-Theta diffractometer 40 
kV, 30 mA, Cu Kα1 radiation, step size 0.05 º, 5 s/ step in integration time.  
Figure 7.13. X-ray diffraction patterns performed at room temperature for the CsH2PO4:BaHPO4 
composite before (a) and after (b) the long term test shown in Figure 7.11. STOE Theta-
Theta diffractometer 40 kV, 30 mA, Cu Kα1 radiation, step size 0.05 º, 5 s/ step in 
integration time.  
Figure 9.1. Nyquist plots for one cell of cell type A- C, respectively, at different applied cell 
voltages, 0.5V (for cell type B and C) and 1.5V (for cell type A-C). Conditions: 
atmosphere= 20 % H2O + 5 % H2 (3.5 % for cell type A) + 20 % CO2 (40 % for cell type 
A) balanced with N2, T= 240 ± 3 °C. Black data points indicate decades of frequency, 
ranging from 10
5
 Hz down to 0.1 Hz (from left to right). 
Figure 9.2. Bar diagram of the average total cell resistance (Rtot), serial resistance (Rs) and the 
electrode polarization resistance (Rp) for three cells of each cell type (A-C). Conditions: 
atmosphere= 20 % H2O + 5 % H2 (3.5 % for cell type A) + 20 % CO2 (40 % for cell type 
A) balanced with N2, T= 240 ± 3 °C.  
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Figure 9.3. Cyclic sweep measurements for cell type A - C using a scan rate of 50 mV s
-1
. 
Conditions: atmosphere= 20 % H2O + 5 % H2 (3.5 % for cell type A) + 20 % CO2 (40 % 
for cell type A) balanced with N2, T= 240 ± 3 °C.  
Figure 9.4. Cyclic sweep measurements performed on cell type A and C at applied cell voltage 
ranging from 0.0 - 1.5 V (top) for cell type A and from 0.0 - 4.0 V (middle) as well as 0.0 – 
2.6 V (bottom) for cell type C (using a sweep rate of 25 mV s
-1
). Red curve = as measured 
results (after area correction), Brown curve= iR- corrected. Atmosphere: 20 % H2O, 5.5 % 
H2, 20 % CO2 balanced with argon, T= 240 ± 3 °C. Note the different scale on the y-axis. 
Figure 9.5. Nyquist plots of cell type C, Top: measurements were carried out before, 1 min after 
and 17h 30 min after the cyclic sweep measurement, presented in Figure 9.4. Bottom: 
measurements were carried out before and 1 min after the cyclic sweep measurement, 
presented in Figure 9.4.  Atmosphere: 20 % H2O, 5.5 % H2, 20 % CO2 balanced with 
argon, T= 240 ± 3 °C. Black data points indicate decades of frequency, ranging from 10
5
 
Hz down to 0.1 Hz (from left to right). Note the difference in scale on the axis.  
Figure 9.6. SEM of: the cathode- electrolyte interface (left, fractured surface, backscatter 
detector), the cathode microstructure prior to testing of cell type B, cell type A had a 
similar cathode microstructure, (middle, fractured surface, backscatter detector) and 
cathode catalyst, copper particles (right, In-lens/ SE detector). 
Figure 9.7. Four cross-section SEM micrographs (fractured surfaces, backscatter detector) of the 
cathode- electrolyte interface of some fractured samples. a) untested cell of type B that has 
seen operating conditions, b) tested cell of type B. c) long term tested cell of type C, d) 
same cell as bottom left with a higher magnification, e) cell type C after testing at high 
applied cell voltages f) middle of the electrolyte, cell type C, after testing at high applied 
cell voltages. The anode is pointing upwards and the cathode is pointing downwards.  
Figure 9.8. Results from chronoamperometric measurements performed for 10 hours at each 
applied cell voltage (0.5 V, 0.75 V, 1.0 V and 0.5 V) for a cell of type C. Conditions: 20 % 
H2O + 5 % H2 + 20 % CO2 + 55 % N2, T= 238 ± 1 °C. 
Figure 9.9.  Nyquist representation of EIS measurements performed every two hours during long 
term chronoamperometric measurements, times denoted in the labels represent hours after 
start of the experiments. Top left: Applied cell voltage of 0.5 V, top right: Applied cell 
voltage of 0.75 V, bottom left: Applied cell voltage of 1.0 V, bottom right: Applied cell 
voltage of 0.5 V, Conditions: 20 % H2O + 5 % H2 + 20 % CO2 + 55 % N2, T= 238±1 °C. 
Black data points indicate decades of frequency, ranging from 10
5
 Hz down to 0.1 Hz 
(from left to right). 
Figure 9.10. Total cell resistance, serial resistance and electrode polarization resistance for 
measurement showed in Figure 9.9 and additional measurements performed with applied 
cell voltages of 0.5 V before each chronoamperometric cycle presented in Figure 9.8. Error 
bars indicate a 5% error.  
Figure 10.1. Two photographs of the two cell types after electrochemical testing. Left: a two 
electrode cell. Right: a cell with a reference. The anode (platinum- CsH2PO4 electrode) is 
turned upwards for both cells. Scale bar = 11 mm.  
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Figure 10.2. Current density versus applied cell voltage (as measured data, full lines) and for iRs- 
corrected data (dashed lines), for one cell with a reference electrode (brown color) and one 
cell without a reference electrode (orange color). Conditions: 20 % H2O + 5 % H2 + 20 % 
CO2 balanced with N2, T= 240 ± 3 °C.  
Figure 10.3. Applied current density vs. the measured DC potential for the full cell, as well as for 
the cathode and the anode impedance, respectively. Conditions: with CO2= 20 % H2O + 5 
% H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O + 5 % H2 balanced with N2, 
T= 240 ± 3 °C.  
Figure 10.4. Nyquist representation of the electrode impedance after subtraction of Rs for 
measurements at applied current densities of 23- 79 mA∙cm-2. Conditions: with CO2= 20 % 
H2O + 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O + 5 % H2 balanced 
with N2, T= 240 ± 3 °C. 
Figure 10.5. Nyquist representation of the cathode impedance after subtraction of Rs for 
measurements at applied current densities of 23- 79 mA∙cm-2. Conditions: with CO2= 20 % 
H2O + 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O + 5 % H2 balanced 
with N2, T= 240 ± 3 °C.  
Figure 10.6. Nyquist representation of the anode impedance after subtraction of Rs for 
measurements at applied current densities of 23- 79 mA∙cm-2. Conditions: with CO2= 20 % 
H2O + 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O + 5 % H2 balanced 
with N2, T= 240 ± 3 °C.  
Figure 10.7. ADIS analysis performed on the anode, the cathode as well as the total electrode 
impedance using the measurements performed at 23 mA∙cm-2 as initial reference 
measurement. Conditions: 20 % H2O + 5 % H2 + 20 % CO2 balanced with N2, T= 240 ± 3 
°C.  
Figure 10.8. Overpotentials (η) for the positive electrode (ηanode), the negative electrode (|ηcathode|) 
and the total electrode polarization (anode +|cathode|) denoted as |ηtotal|, measured at 
applied current densities ranging from 23- 79 mA∙cm-2. Conditions: with CO2= 20 % H2O 
+ 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O + 5 % H2 balanced with 
N2, T= 240 ± 3 °C.  
Figure 11.1. Schematic sketch of cell type A (left) and cell type B (right). 
Figure 11.2. Four sketches of different ways to seal the cells (A - D) during two atmosphere tests 
in the high pressure test setup.  
Figure 11.3. Schematic sketch of test conditions (pressure and temperature) used in the 
electrochemical test.  
Figure 11.4. Measured OCV as a function of time (after start of the experiment): 0-12 hours: 20 
% H2O + 50 % H2 + 30 % N2 (= No CO2) i.e. similar atmosphere at both electrodes. Times 
> 12 h: Pt- electrode compartment: 20 % H2O + 50 % H2 + 30 % N2, total 150 ml∙min
-1
 and 
Cu- electrode compartment: 100 % CO2, 50 ml∙min
-1
 (= With CO2). Numbers (1-3) 
correspond to measurements performed in that time frame, section 11.3.3. T= 240 ºC, P = 1 
atm. 
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Figure 11.5. OCV measured as a function of decreasing pressure and time (time after start of the 
experiment). Pt- electrode compartment: 20 % H2O + 50 % H2 + 30 % N2 (total flow rate: 
150 ml∙min-1) and Cu- electrode compartment: 50 ml∙min-1 of CO2. T= 240 ºC. 
Figure 11.6. OCV measured as a function of, CO2 flow, pressure and time (after start of the 
experiment). Pt- electrode gas composition: 20 % H2O + 50 % H2 + 30 % N2 (total flow 
rate: 150 ml∙min-1) and Cu- electrode compartment: 0 or 50 ml∙min-1 of CO2, 0 ml CO2 min
-
1
 = similar atmosphere at the two electrodes, 50 ml∙min-1 CO2 = two atmosphere setup. T= 
240 ºC. 
Figure 11.7. Initial current versus applied cell voltage curves for measurements performed at 240 
ºC and 1 atm. Left: Pt- electrode compartment: 50 % H2 + 20 % H2O + 30 % N2 (total flow 
rate = 150 ml∙min-1), Cu- electrode compartment: 50 ml∙min-1 of CO2. Right: measurements 
without CO2- flow, similar atmospheres at the two electrodes. Pt- electrode compartment: 
50 % H2 + 20 % H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
). Note the minus sign in 
front of the current and the applied cell voltage as well as the different scale on the y-axis.  
Figure 11.8. Measured current versus applied cell voltage curves for measurements performed at 
various pressures and 240 ºC. Left: 1 atm - 40 bars (increasing), without CO2- flow, i.e. 
similar gas atmosphere at the two electrodes, Pt electrode compartment: 50 % H2 + 20 % 
H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
). Right: 40 bars - 1 atm (decreasing), 
atmospheres: Pt- electrode compartment: 50 % H2 + 20 % H2O + 30 % N2 (total flow rate = 
150 ml∙min-1), Cu- electrode compartment: 50 ml∙min-1 of CO2. Note the minus sign in 
front of the current and the applied cell voltage.  
Figure 11.9. Nyquist plots of EIS measurements (OCV) performed at 1 - 40 bars (increasing) and 
240 ºC and no CO2 added to the Cu- electrode compartment. Pt- electrode compartment: 50 
% H2 + 20 % H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
).  
Figure 11.10. Nyquist plots of EIS measurements (OCV) performed at 40 – 2 bars (decreasing) 
and 240 ºC. Atmospheres: Pt- electrode compartment: 50 % H2 + 20 % H2O + 30 % N2 
(total flow rate = 150 ml∙min-1), Cu- electrode compartment: 50 ml∙min-1 of CO2. 
Figure 11.11. Measured current versus applied cell voltage curves for measurements performed at 
40 bars and 240 ºC. Left: various CO2- flow in the Cu- electrode compartment. Pt- 
electrode compartment: 50 % H2 + 20 % H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
), 
Cu- electrode compartment: 0 - 100 ml∙min-1 CO2. Right: different concentration of H2 in 
the Pt- electrode compartment: X % H2 + 20 % H2O + (80-X) % N2 (total flow rate 150 
ml∙min-1), Cu- electrode compartment: 50 ml∙min-1 of CO2. Note the minus sign in front of 
the current and the applied cell voltage.  
Figure 11.12. Nyquist plots of EIS measurements (OCV) performed at 40 bars and 240 ºC with 
various flow of CO2 at the cathode. Gas composition at the Pt- electrode compartment: 50 
% H2 + 20 % H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
), Gas at the Cu- electrode 
compartment: 0 - 100 ml∙min-1 of CO2.  
Figure 11.13. Nyquist plots of EIS measurements (OCV) performed at 40 bars and 240 ºC with 
different concentration of H2 in the Pt- electrode compartment: X % H2 + 20 % H2O + (80-
X) % N2 (total flow rate 150 ml∙min
-1
), Cu- electrode compartment: 50 ml∙min-1 of CO2.  
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Figure 11.14. Top: photography’s of the tested cell. Left: Pt- electrode. Right: Cu- electrode and 
the Teflon ring used for sealing as well as the Cu-mesh used for current collection. The cell 
diameter is 11.66 mm Middle: optical micrographs of the tested cell. Left: Pt- electrode. 
Right: Cu- electrode. Bottom: Cross- section micrographs (SEM, backscatter detector, 
fracture sample) of the tested cell. Left: Pt-electrode was attached at the upper part of the 
electrolyte. Right: electrolyte, center.  
Figure 11.15. Left: equilibrium concentration of hydrogen (pH2 equilibrium) as a function of 
hydrogen, nitrogen and steam in CO2 (xH2 + 0.4xH2O + 0.6xN2 in CO2) for a total pressure 
of 1 bar and T = 240 ºC, equilibrium values were calculated using FactSage [9]. Right: 
OCV as a function of pH2, Cu-electrode assuming 50 % H2 at the Pt electrode.  
Figure A.1. Vapor pressure of steam as a function of temperature ranging from 0 
o
C up to 100 
o
C 
at atmospheric pressure.  
Figure B.1. X-ray diffractogram of Cu/ZnO/Al2O3 powder after annealing and reduction. a) 
Annealed 4 hours at 360 ºC in air b) reduced for 10 hours at 300 ºC in 9 % H2 in N2 c) 
reduced for 10 + 20 hours at 300 
o
C in 9 % H2 in N2.  
Figure B.2. Scanning electron micrographs of the Cu/ZnO/Al2O3- powder after reduction 2 (left) 
and the as-received Cu- powder (right). The micrographs were taken using an In-lens/ SE 
detector. 
Figure B.3. Initial cyclic sweep curves for measurements carried out at the two cell types at 
applied cell voltages of 0.0 – 1.0 and 0.0 – 1.5 V, T = 239 ± 1 ºC. Atmosphere = 20 % H2O, 
5 % H2, 20 % CO2. CZA = Cu/ZnO/Al2O3 
Figure B.4. Nyquist plots of cell 1 (Cu/ZnO/Al2O3) and 3 (Cu) showing initial measurements, T = 
239 ± 1 ºC. Atmosphere = 20 % H2O, 5 % H2, 20 % CO2. Frequency decades are marked 
with black squares. CZA = Cu/ZnO/Al2O3 
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CHAPTER 1 
  
BACKGROUND AND MOTIVATION  
1.1 ENERGY AND EMISSION OF GREEN HOUSE GASES 
Today’s energy production is to a large extent based on fossil fuels like oil and coal. The 
use of fossil fuels causes increasing levels of CO2 and other green house gases in the 
atmosphere as well as depletion of oil. These consequences are two major concerns in 
today’s society.  
In 2008 slightly more than 10 % of the total energy consumption in the European 
Union, EU, originated from renewable energy sources. The goal for the EU is to exceed 
20 % of renewable energy in year 2020. This goal is based on individual goals for all 
member states which depend on their current situation. For example, the goal for Sweden 
and Denmark is to achieve 49 % and 30 % use of renewable energy by 2020, respectively, 
whereas it is only 15 % for United Kingdom and 18 % for Germany. Figure 1.1 shows the 
distribution of renewable energies within EU in 2005 and the predicted distribution in 
2020. Renewable energy will according to the predictions correspond to 34 % of the total 
electricity demand and 21.4 % and 10.2 % in the total heat/cold and transportation energy 
demands, respectively, and this will sum up to 20 % of the total energy demand [1,2]. 
 
Figure 1.1. Distribution of renewable energy within the European Union in 2005 and 
2020, based on predictions from Energy Research Centre of the Netherlands (ECN). 
Originally published in [1].  
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The global CO2 emissions increased by 3 % in 2011 reaching 30 Gton CO2 per year, 
the emissions have increased with 46 % comparing 2011 with 1990. The main reason for 
this development is the increased CO2 emission in large Asian countries such as China, 
India and Saudi Arabia, whereas both North America and Western Europe decreased their 
emission during 2011 [3]. 
The emission of green house gases in Denmark is dominated by emissions of CO2 
originating from energy consumption with a maximum emission of 73 Mton per year in 
1996. In 2012, this value was decreased to just above 40 Mton per year [4]. Denmark is 
already in the frontline of both reductions of green house gases as well as the use of 
renewable energy. The Danish government has furthermore stated a clear and very 
ambitious goal that Denmark should be free from fossil fuels by 2050 [5]. Energinet.dk 
has published several reports where they formulate and discuss different paths to reach 
this goal. Electrolysis was pointed out as one promising technique for production of either 
hydrogen or hydrocarbon fuels from water, CO2 and excess electrical energy [6]. 
The worldwide energy consumption is approximately 5∙1020 J per year whereas the 
annual influx of energy to the earth (from the sun) is around 8000 times larger than that 
(4∙1020 J) [7]. This clearly shows that the influx of solar energy alone has the potential to 
replace the fossil fuels. Apart from solar we do also have geothermal and nuclear energy 
sources. Also, worth to mention is that wind, hydro and wave energy can be regarded as 
indirect solar energy sources.  
The energy demand in today’s society is very complex and many sources of energy 
are required, such as electricity, heat and transportation fuels. Future technologies must 
therefore provide energy in a large variety, from renewable sources. One major problem 
with several renewable energy sources is that they are fluctuating and it is therefore 
difficult to get the whole energy supply chain reliable when it is built up by renewable 
sources [8]. Sunshine is for example only available a certain amount of hours and the 
wind speed is not constant. There are periods when the power output exceeds demand and 
periods where the demand exceeds the energy output. Periods where there is an excess of 
energy force the producers to either turn off turbines or to export electricity at a very low 
price. In fact, sometimes even to a negative price [9]. This could eventually be prevented 
if the excess energy was stored efficiently for later periods, for example as synthetic fuels 
or hydrogen produced via electrolysis. These fuels can thereafter be used for production 
of electricity at times when there is a deficit of renewable electricity from wind or solar. 
They could furthermore be used as fuels for transportation or be implemented in the 
natural gas grid and thereby be used for heating and/or power generation. Figure 1.2 
illustrates a CO2 neutral energy cycle including CO2 recycling and usage of electrolysis 
and renewable energy for fuel production. 
Hydrogen, today mainly produced by reforming of natural gas and oil, can be 
produced directly through electrolysis of water whereas production of synthetic fuels 
requires both water and carbon dioxide. This requires a source of CO2 capture. The level 
of CO2 in the atmosphere is today approximately 400 ppm [10]. CO2 can be captured 
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directly from ambient air and thereby become a part of the CO2 neutral energy cycle 
shown in Figure 1.2 [11]. The question is if this can be done on a sufficiently large scale. 
One could also think of capturing CO2 directly from the exhaust of industrial processes 
where the concentration of CO2 is higher, such as cement, metal and paper industries. In 
any case, CO2 must be captured for electrochemical production of synthetic hydrocarbon 
fuels (CO2- neutral) to become reality. 
 
Figure 1.2. Illustration of a CO2- neutral energy cycle including production of 
synthetic fuels, via electrolysis, and CO2 capture from the atmosphere. 
Originally published in [7]. 
1.2 PHYSICAL PROPERTIES OF HYDROGEN AND SYNTHETIC FUELS 
Depending on the application area, different fuels have different advantages if compared 
to each other. The energy density is one important factor that must be considered, but also 
storage properties are an important factor [7]. Table 1.1 present the energy density for a 
number of storage media, both volumetric and based on mass. It is clear that liquid 
hydrogen has the highest energy density based on mass whereas it has less than one third 
of the energy density of gasoline when comparing by volume. Liquid hydrocarbon- based 
fuels such as gasoline and alcohols have much higher boiling points which ease the 
handling compared to gaseous fuels. Gaseous fuels often require high pressures or 
extremely low temperatures in order to e stored as liquids or to achieve high energy 
densities of the gases. Anyhow, methane which is gaseous at ambient temperatures can 
eventually be stored in existing natural gas systems.  
Methanol is liquid at room temperature and has a high energy density, 49 % of the 
energy density of gasoline (by weight) [12]. Methanol is due to its convenient storage/ 
handling properties and its relatively high energy density considered as a promising 
synthetic fuel in future energy systems.  
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Table 1.1. Energy densities and boiling points, TB, for different energy storage 
media. * = storage container is not included. [7,12]  
Storage Energy density TB  
 [MJ l
-1
] [MJ kg
-1
] [
o
C] 
Liquid Methane (SNG) 24 56* -162 
Gasoline 33 47 40-200 
Dimethyl ether (DME) 22 30* -25 
Liquid hydrogen 10 141 -253 
Lead acid batteries 0.4 0.15  
Li-ion batteries 1 0.5  
Water at 1 km elevation 10
-2
 10
-2
 100 
Methanol  23  64.7 
1.3 PRODUCTION OF HYDROGEN AND SYNTHETIC FUELS 
1.3.1 Heterogeneous catalysis 
Heterogeneous catalysis is commonly used for production of hydrocarbon- based 
synthetic fuels. Methane, methanol and other hydrocarbons can for example be 
synthesized following Reactions 1.1 - 1.4. 
Synthesis of methanol is commonly performed at approximately 250 ºC and 
pressures of 50 - 100 atm. A gas mixture of CO, CO2 and H2 is converted (Reactions 1.1 
and 1.2) using Cu/ZnO/Al2O3 as the catalyst [13]. Methane can be synthesized according 
to the Sabatier process, using a nickel catalyst and temperatures of 300 - 400 ºC and 
elevated pressures, usually 40 - 60 bars [14]. Alkanes can be produced via the Fischer-
Tropsch synthesis. Fischer-Tropsch synthesis is often performed at temperatures up to 
425 ºC and pressures up to 40 bars. High temperatures tend to promote methane 
formation (n = 1) whereas low temperatures promote formation of longer carbon chains. 
The most widely used catalysts are iron and cobalt, often supported on silica or alumina 
[15].  
 
                                              (1.1) 
                                                            (1.2)  
                                                 (1.3) 
                                                   (1.4) 
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1.3.2 Electrolysis 
Electrolysis is a well known and proven technology which is used in a wide range of 
applications. Several types of electrolysis cells (classified and named by their electrolyte 
materials) are currently under development. The main types for fuel production are 
alkaline electrolysis cells, polymer electrolyte membrane (PEM) electrolysis cells and 
solid oxide electrolysis cells (SOECs). Of these types, only alkaline electrolysis cells are 
fully commercialized for large scale hydrogen production [16]. The following sections 
give a brief introduction to the three above mentioned techniques and their basic principle 
of operation. A basic introduction to various electrolytes is given in Chapter 2.  
1.3.2.1 Alkaline electrolysis cells 
Alkaline electrolysis cells are, as mentioned earlier, the only water electrolysis 
technology which is commercially available for large scale hydrogen production, the two 
largest plant are located in Aswan (Egypt) and Ryukan (Norway) and have production 
capacities of 22000 Nm
3∙h-1 and 27900 Nm3∙h-1, respectively [16]. Conventional alkaline 
electrolysis cells consist of four major parts, a liquid alkaline electrolyte, usually a KOH- 
solution, a diaphragm is used to separate the two electrodes from each other and to avoid 
crossover of evolved gases, see Figure 1.3. Nickel (Raney Ni) and Co3O4 (Raney Co) are 
often used as hydrogen evolution and oxygen evolution catalysts, respectively [17].  
Alkaline electrolysis cells cannot be operated for reduction of CO2, this since KOH 
form KHCO3 in the presence of CO2, see Reaction 1.5. Alkaline steam electrolysis is 
generally performed at temperatures up to 100 ºC and at pressures up 30 bars. Alkaline 
electrolysers are typically operated at a current density below 0.5 A∙cm-2 [16].  
 
Figure 1.3. A sketch of an alkaline electrolysis cell (left), electrode reactions as well 
as overall reaction for H2 production (right). 
 
                        (1.5) 
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1.3.2.2 PEM electrolysis cells 
PEM based electrolysis cells are generally operated at temperatures below 100 ºC using 
Nafion
©
 electrolytes, but attempts to increase the operating temperature towards 200- 300 
ºC have and are been pursued. Noble metals such as platinum or iridium and ruthenium 
oxides are commonly used as electrocatalysts [18]. 
The catalysts used in PEM cells are often sensitivity towards CO poisoning and PEM 
electrolysis cells are therefore mainly considered as a technology for steam electrolysis. 
The low operating temperatures causes the need for expensive precious metal 
electrocatalysts. Electrode reactions as well as a sketch of a representative PEM 
electrolysis cell are presented in Figure 1.4. Production units (30 Nm
3∙h-1) using PEM 
electrolysis cells are available on the market; these units typically operate a current 
densities of 1.6 A∙cm-2 [16].  
 
Figure 1.4. Operation principle and a sketch of a PEM electrolysis cell (left), 
Electrode reactions as well as overall reaction for H2 production (right). 
1.3.2.3 Solid oxide electrolysis cells 
Solid oxide electrolyzer cell (SOEC’s) can possibly be used for both steam electrolysis 
and co-electrolysis of steam and carbon dioxide. Water electrolysis produces just as in the 
case of PEM and alkaline electrolysis cells hydrogen (and oxygen), whereas co-
electrolysis of steam and CO2 produces syngas (H2+ CO). The syngas can then, at least in 
theory, be converted to desired synthetic fuels; hydrocarbons and/or alcohols by 
heterogeneous catalysis. SOEC’s are typically operated at 700- 1000 ºC and consist 
typically of a YSZ (yttria stabilized zirconia) electrolyte, Nickel-YSZ cathode and a 
LSM-YSZ anode, where LSM being a La1-xSrxMnyO3-δ [16,19,20]. A schematic sketch of 
the working principle for a SOEC is presented in Figure 1.5, presented in the Figure are 
also anode, cathode and overall reactions that occur during both stem and co- electrolysis. 
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Figure 1.5. Operation principle and sketch of a SOEC (left), as well as electrode and 
overall cell reactions for H2 and / or CO production (right). 
1.3.2.4 Electrolysis of CO2 using liquid electrolytes 
A number of studies have reported that CO2 can be electrochemically reduced to CO and 
a wide range of hydrocarbons and alcohols using liquid organic salt solutions as the 
electrolyte and metal electrodes [21-25]. Copper, copper alloys and copper composites 
are generally considered as the most promising electrode materials for electrochemical 
reduction of CO2 [24,25]. Electrolysis using aqueous electrolytes is generally performed 
at low temperatures (0 - 50 ºC, leading to slow kinetics) and at low current densities (up 
to 10 mA∙cm-2) [22,26]. Apart from the general trends, mentioned above, is it worth to 
mention that Watanabe et al. produced CH4 at faradaic efficiencies of almost 35 % using 
Pt- based gas diffusion electrodes and 30 bar CO2 (measured at 900 mA∙cm
-2
, -1.92 V vs. 
Ag/AgCl) [27]. Electrochemical reduction of CO2 using copper electrodes and aqueous 
electrolytes is further described in Chapter 2.  
1.4 AIM AND OUTLINE OF THIS THESIS  
There is a trend towards more use of renewable energy sources on one side and the need 
for synthetic hydrocarbon- based fuels on the other. A system that combines these trends 
would be very attractive in a future energy system. 
The aim of this thesis was to develop and characterize electrolyte materials and 
electrodes for production of hydrocarbons via electrochemical reduction of CO2. This 
should be performed by making use of knowledge developed in electrolysis technologies, 
but avoiding the drawbacks of known technologies. Shortcomings for known 
technologies were presented in the previous sections (1.3.2.1 - 1.3.2.4). Low stability 
towards CO/CO2, operation at temperatures where hydrocarbons are decomposed and 
operation at such low temperatures that the electrode kinetics don’t allow for high current 
densities are examples of drawbacks in today’s technologies. This concludes that there is 
a need for another cell design in order to successfully produce hydrocarbons in a single 
step process with sufficient production rates.  
The cells should be operated at temperatures of 200 - 300 ºC. The temperature 
interval is motivated by the thermal stability of hydrocarbons and thereby making it 
Chapter 1  Background and Motivation 
 
9 
 
possible to produce synthetic fuels via a single step process. Another advantage of 
performing CO2 reduction at intermediate temperatures is that the need for precious metal 
catalysts can possibly be eliminated.  
This thesis is divided into four parts which in turn are subdivided into 12 chapters. 
Part I comprise of three chapters (1-3) introducing the scope of this thesis, an introduction 
to the topic and important theory concepts as well as an introduction to the used 
characterization techniques and measurement setups. Part II and III contain 5 and 3 
chapters presenting the experimental work on electrolytes and electrodes (cells), 
respectively. Part II consists of work performed on phosphor based electrolyte materials, 
such as solid acids, pyrophosphates and similar, where the main aim was to find a proper 
electrolyte material which could be implemented into full cells. Chapter 4 - 6 are based on 
a series of investigations performed with equal contribution from J. Hallinder, A. Lapina 
and C. Chatzichristodoulou. Part III compiles the work performed on copper- based 
cathodes and platinum- based anodes as well as testing of developed cells under both 
ambient and elevated pressure. Chapters in part II and III are written in a “publication 
style” regardless if they are published or not. Thus they can be read separately without the 
need for background knowledge and results obtained in earlier chapters. Part IV consists 
of Chapter 12, which contains an overall discussion, conclusions and an outlook.  
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CHAPTER 2  
 
CELL CONCEPT AND THEORY 
This chapter provides a short description of the cell design used in this thesis, an 
introduction to the different cell components, a description of important thermodynamic 
concepts for electrolysis as well as an introduction to CO2 reduction. 
2.1 CELL CONCEPT  
The main aim of this study was, just as presented in Chapter 1.4, to develop and 
characterize electrolyte and electrode materials for electrochemical reduction of CO2 into 
hydrocarbons and/or alcohols in a single step process. The cell concept that was proposed 
for this study is presented in Figure 2.1. The cell consists of three main parts, namely; an 
anode, a cathode and an electrolyte. In this type of cell steam and/or hydrogen is fed to 
the anode and oxidized there forming protons. Those are transported through a solid 
(proton) conducting electrolyte towards the cathode, where they are supposed to react 
with CO2 (or adsorbed intermediates) forming hydrocarbons and/or alcohols. One could 
also believe that the protons can recombine at the cathode and be evolved as H2. 
Reactions 2.1 - 2.3 present a number of possible cell reactions where CO2 is reduced at 
the cathode and either steam (left column) or hydrogen (right column) is considered as the 
anode reactant. 200 - 300 ºC is the target temperature for operation since several 
hydrocarbons are stable up to these temperatures, but also since reaction kinetics are 
improved at elevated temperatures. 
 
                  
 
 
     or                     (2.1) 
                             or                      (2.2) 
                      
 
 
   or                       (2.3) 
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Figure 2.1. Schematic sketch showing the proposed cell used as a basis for the cell 
development within this thesis. In this particular case methanol is the main product 
evolved at the cathode; steam is considered as the reactant at the anode. 
In general the electrolyte can either be solid or liquid. There are several requirements 
that must be fulfilled by a material in order to be an appropriate electrolyte in an 
electrolysis cell: high ionic conductivity, zero (or negligible) electronic conductivity, gas 
tightness (to avoid crossover of gases), chemical inertness towards the surrounding 
materials and reactants as well as it has to be thermally stable at the operating 
temperature.  
Also the electrodes must fulfill a number of requirements. First they must be 
electrochemically active towards the desired reactions, electronically conductive, 
ionically conducting, thermally stable at the operation temperature, chemically resistant 
towards the reactant as well as towards the electrolyte.  
An electrolysis cell requires, apart from the input of reactants to the electrodes, also 
electrical energy in order to operate. This should preferably originate from renewable 
sources in order to allow for production of CO2- neutral fuels. 
2.2 ELECTROLYTES 
The literature compiles of different classes of electrolytes, all having their own optimum 
operating conditions. Materials are generally classified after the temperature region in 
which they are used (high, intermediate or low temperature), the class of compound they 
belong to, the charge carrier (oxygen ions, protons or any other ion) or the physical state 
of the material (liquid, molten or solid). Table 2.1 compiles a list of different well known 
materials and an attempt to classify them according to the above mentioned categories. 
Figure 2.2 shows an Arrhenius plot of typical conductivities for some electrolyte 
materials as a function of operating temperature [1].  
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The ionic conductivity of a polycrystalline solid electrolyte is determined by the 
conductivity in the bulk of the material and conductivity in the grain boundaries between 
the grains [2,3].  
Two of the best known solid electrolytes are Nafion® and yttria stabilized zirconia, 
YSZ. Nafion® is a proton conductor used as an electrolyte in PEM cells and exhibits a 
conductivity of approximately 100 mS∙cm-1 at 80 ºC, see Figure 2.2 [4]. YSZ is a solid 
oxide and is extensively used in solid oxide fuel cells and solid oxide electrolysis cells. 
YSZ has a conductivity of 100 mS∙cm-1 at 1000 ºC, see Figure 2.2. KOH dissolved in 
water is an example of an aqueous electrolyte. KOH (aq, 35 wt % KOH in H2O) has a 
conductivity of 1.7 S∙cm-1 at 100 ºC [5].  
There was for long an intermediate temperature region (approximately 200 - 500 ºC) 
where highly conducting materials were lacking [6]. Recent studies have shown that 
pyrophosphates, solid acids and similar compounds exhibit satisfactory conductivities 
within this temperature region [7-10]. Properties and experimental results for both 
material classes are further explained and presented in Chapters 4-8.  
 
Table 2.1. List of well known electrolyte materials including their physical state, 
typical operation temperature interval and type of ion transport.  
Material State / class Temperature 
region 
Operating 
temperatures 
[ºC] 
Charge 
carrier 
Reference 
YSZ 
 
Solid oxide High > 600 O
2-
 [11] 
BCZY 
 
Solid oxide High  > 600 H
+
  [12] 
Sn0.9In0.1P2O7 
 
Solid  Intermediate < 300 H
+
 (& e
-
) [9] 
CsH2PO4 
 
Solid acid Intermediate ~250 H
+
 [1] 
Nafion 
 
Polymer Low < 100 H3O
+
 [4] 
KOH (aq) 
 
Liquid Low- 
intermediate 
< 250 OH
-
 [5] 
Molten 
Li2CO3 
Molten 
carbonate 
High > 650  CO3
2-
 [13] 
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Figure 2.2. Conductivities for a number of selected materials: solid acids, polymer 
electrolytes and solid oxides. Originally published in [1].  
2.2.2 Proton conductivity 
Proton conduction can occur in different ways. This section provides a brief description 
and depiction of some proton conduction mechanisms. Proton conductivity can be divided 
into two main categories, the translocational and proton carrying mechanism, which in 
turn can be divided in further subclasses [2].  
The first subclass can be called atomic diffusion, in this case the hydrogen share 
electrons with a host ion. This mechanism often comes with a certain degree of electronic 
conductivity. In the second type protons are hopping from one host atom to another. 
These jumps are induced as the hydrogen finds an energy minimum to the next host atom 
where a new hydrogen bond is created, see step 2 and 3 in Figure 2.3. A third mechanism 
is the molecular reorientation in which case the protons are riding “piggy back” on a 
rotating dipole molecule [1,2,14]. 
In the vehicle mechanism the protons arecarried by host molecules, for example H2O, 
creating a H3O
+
 ion, see Figure 2.4. The H3O
+
 carries protons in one direction at the same 
time as H2O molecules are transported in the reverse direction. The conductivity of 
materials exhibiting this transport mechanism is determined by the speed at which the 
ions (e.g. H3O
+
) are transported. Nafion® is one material in which protons are transported 
via the vehicle mechanism [2,14]. 
The last mechanism is called the Grotthus mechanism comprising of both formation - 
breakage of hydrogen bonds (hopping mechanism) and a molecular reorientation. A 
schematic sketch of the Grotthus mechanism is presented in Figure 2.3. The large 
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tetrahedrons are rotating (1) and at a certain position the hydrogen will be positioned in 
an energy minimum in relation to the second tetrahedron. Illustrations 2 and 3 shows how 
the hydrogen bond to tetrahedron A is breaking at the same time as a new hydrogen bond 
is created to tetrahedron B. The two tetrahedrons continue to rotate (4) and at a certain 
time the hydrogen will find another tetrahedron to which it can create a new hydrogen 
bond and so forth. The tetrahedrons can be seen as vehicles, but here the molecules are 
only allowed to rotate and not to move as in the case of the vehicle mechanism [14].  
 
Figure 2.3. Schematic sketch of the Grotthus mechanism using a tetrahedral vehicle 
molecule as an example. Step 2 and 3 correspond to the hopping mechanism. 
 
Figure 2.4. Schematic sketch of the proton transport via the vehicle mechanism. 
Deep red circles correspond to oxygen atoms in H3O
+
 and H2O molecules whereas 
large blue spheres correspond to atoms in the electrolyte compound. 
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2.3 THERMODYNAMICS  
2.3.1 Cell potential 
The electromotive force, emf, is a measure of the net voltage between the oxidation and 
reduction reactions taking place at the two electrodes of an electrochemical cell. It is 
defined as the external work per unit charge transferred under equilibrium conditions. The 
emf for an electrochemical cell can under equilibrium conditions be calculated using 
Equation 2.4 [15,16].  The cell voltage is equal to emf when the cell is 100 % gas tight 
(i.e. no cross-over of gases between the electrodes) and when no current is passing 
through the cell, i.e. under open circuit conditions, often referred to as OCV, open circuit 
voltage. Two general half cell reactions and the corresponding total cell reaction for a 
typical electrochemical cell are listed below: 
 
                                   
  
                            
       
                                           
 
     
   
  
  
   
 
  
 
  
  
   
            
            
   (2.4) 
 
ΔGf is the Gibbs free energy for the reaction, F corresponds to the Faradaic constant 
(96485 C∙mol-1), n is the number of electrons involved in the reaction, ΔGf
θ
 is the Gibbs 
free energy for the reaction at standard conditions (1 bar and 298.15 K) and ai is the 
activity of reactant i. Computer programs like FactSage [17] or Ellingham diagrams can 
be used to find ΔGf values for a certain reaction as a function of the temperature. Emf can 
only be calculated if all electrode reactions are known, thus a first step is to identify all 
electrochemical reactions at the two electrodes.  
Emf determined by measurements at various temperatures or ΔGf determined from 
calculations can be used to identify other thermodynamic properties of a system, for 
example the enthalpy and the entropy [16], Equation 2.5. 
 
               (2.5) 
 
ΔHf, is the total energy demand for the total cell reaction in an electrolysis cell and can be 
used to calculate thermoneutral voltage of an electrolysis cell. The thermoneutral voltage 
is the potential where the heat demand for electrolysis is zero, i.e. neither endo- nor 
exothermic. TΔS correspond to the heat energy demand [18]. Figure 2.5 shows a plot for 
the total energy demand, the total electrical energy demand and the heat demand for CO2- 
reduction (see Reaction 2.6, involving 2 electrons (n=2)).  
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                       (2.6) 
 
 
Figure 2.5. Total energy demand (black), Electrical energy demand (red) and heat 
demand (orange) for Reaction 2.6 in a temperature range of 100 – 500 ºC. Data 
retrieved from FactSage [17].  
2.3.2 Electrode kinetics 
The driving force for a cell reaction to occur is defined as the potential difference that is 
induced as the cell is running under load, current. This difference is called the 
overpotential (η) and is calculated by subtracting the zero current voltage, E, from the  
operating voltage, E’ (Equation 2.7) [18].  
 
                       (2.7) 
 
The reduction reaction occurs at the negative electrode, the cathode, and here is the 
overpotential negative compared to the reference electrode whereas it is positive at the 
anode where oxidation occurs. Table 2.2 summarises overpotentials and current directions 
for anodic and cathodic currents [15].  
 
 
Table 2.2. Summary of overpotential and current directions for anodic and cathodic 
polarization [15].  
Direction Overpotential Current Reaction 
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Anodic η > 0 i > 0 Red Ox + ne- 
Cathodic η < 0 i < 0 Ox + ne-  Red 
 
The sum of the anodic and the cathodic overpotential (the total electrode polarization, 
|ηtot|= ηanode + |ηcathode|) at certain current can be calculated from current- voltage curves, i-
V curves via so called iRs correction where Rs is the serial (ohmic) resistance of the cell 
and i is the current at a certain applied voltage, E’, Equation 2.8. It should also be 
mentioned that emf equals zero in the case of single atmosphere measurements (i.e. same 
atmosphere at both electrodes). 
 
                           
           (2.8) 
 
The overpotential at an electrode is, as mentioned, the driving force for a reaction to 
occur, and the corresponding current depends exponentially on the overpotential. The 
current can in simple cases be calculated using the Butler-Volmer equation, Equation 2.9, 
assuming no mass transfer or chemical reaction (e.g. bond breaking) limitations, constant 
concentration of reactant at the electrodes and a simple charge transfer reaction [15,18]. 
 
                    
  
  
         
  
  
               (2.9) 
 
α is called the symmetry factor or the charge transfer coefficient, 0 < α < 1, a α value 
close to 0.5 have been chosen for many reactions, i0 is the exchange current density.  
Current densities calculated by the Butler-Volmer equation will at a certain 
overpotential start to deviate from the calculated, this since mass transfer (diffusion) 
limitations is influencing the current. The diffusion limiting current, id (Equation 2.10), is 
reached when one of the reactants is consumed and thereby not present at the electrode 
interface, and is therefore the maximum current that can be reached at a given set of 
conditions [15].  
 
    
     
 
   (2.10) 
 
δ is the thickness of the diffusion layer, D is the diffusion coefficient and c0 is the 
concentration of the compound in the bulk of the electrolyte, i.e. outside the diffusion 
layer. 
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2.4 CO2 REDUCTION USING LIQUID ELECTROLYTES 
Electrochemical reduction of CO2 has been investigated at both low (< 50 ºC) and high 
temperatures (> 600 ºC) [19-24]. Electrolysis cells operating at high temperatures 
generally produce syngas (H2 + CO) from CO2 and steam, this since most hydrocarbons 
and alcohols are not stable at the high temperatures. Therefore, the focus in this section 
will be on liquid electrolytes in order to give a current status on CO2 reduction, obtained 
products and proposed reduction mechanisms. 
2.4.1 Electrocatalysts for CO2 reduction 
Many studies report about electrochemical reduction of CO2 at low temperatures. A large 
number of metals have been tested as electrocatalysts, for example: Cu, Pt, Sn, Zn, Ag, 
Au, Ni and Fe [19-21,25-32]. Many of these studies give the same main conclusion, 
namely that copper has the unique ability of forming hydrocarbons with high yield 
(faradaic efficiency). However, there is one exception and that is a study performed by 
Watanabe et al. [21] They report faradaic efficiencies of almost 35 % for methane 
formation (900 mA∙cm-2 and a cathode voltage of -1.92 V vs. Ag/AgCl), when using 
platinum gas diffusion electrodes and high pressure CO2 (30 bar) at 25 ºC.  
Various alloys (mainly copper based alloys) have also been investigated. Watanabe et 
al. [33] tested a large number of copper alloys and found that for example Cu-Ni [90:10 
mol %] could be used for formation of formic acid and methanol, but unfortunately only 
at low Faradaic efficiencies (20 and 7 %, respectively).  
Copper is in general seen as the most promising and best performing CO2 reduction 
electrocatalyst and will be in focus in the following sections. 
2.4.2 Electrochemical reduction of CO2 with Cu- electrodes 
2.4.2.1 Products 
Electrochemical reduction of CO2 using copper electrodes can yield a large number of 
products, the most common products are H2, CO, HCOO
-
, CH4 and C2H4, but also 
CH3OH, C2H5OH and lactic acid have been reported [20,29,30,32,34-37]. Figure 2.6 
shows the faradaic efficiencies for a number of products at different cathode 
overpotentials [34]. It shows that CH4 and C2H4 are the main products as the 
overpotential becomes more negative than -1.4 V vs. NHE (normal hydrogen electrode), 
whereas H2, CO and HCOO
-
 are the main products at less negative potentials.   
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Figure 2.6. Variation of Faradaic efficiencies for products formed via 
electrochemical reduction of CO2. Measurements performed at 19 ºC using a copper 
electrode and 0.1-mol kg
−1
 KHCO3 electrolyte. Originally published in [34]. 
 
2.4.2.1.1 Effects of pH, choice of electrolyte and electrode surfaces 
Apart from the cathode overpotential it has also been shown that the choice of electrolyte, 
the electrolyte pH and the electrode morphology largely influences the achieved current 
density at a given cathode overpotential and the product distribution. Tang et al. [37] 
investigated the product distribution after three different treatments of copper electrodes 
(electropolished surface, nanoparticle- covered surface and sputtered surface) in CO2 
saturated 0.1 M KClO4 solution. They found that the electropolished surface favored H2- 
evolution whereas the sample with Cu- nanoparticles covering the surface favored C2H4 
formation (for measurements carried out at cathode overpotential of -1.1 V vs. RHE).  
The product distribution is also affected by the choice of electrolyte (and pH), for 
example a 0.1 M K2HPO4 solution favors H2 evolution while KHCO3, KCl, KClO4 and 
K2SO4 favor reduction of CO2. An increase of the K2HPO4 concentration yields even 
more H2, suggesting that low pH values favor H2 evolution [38]. 
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2.4.2.1.2 Deactivation of copper electrodes 
Deactivation of copper electrodes is often reported during CO2 reduction when 
electrochemical cells CO2 with aqueous electrolytes are used [20,29,32,39]. They find 
that the deactivation origin from several independent factors. For example, impurities like 
Fe and Zn in the electrolyte solution can deactivate the copper electrode so that hydrogen 
evolution is preferred instead of reduction of CO2. This can be prevented (at least to some 
extent) by pre-electrolysis of the electrolyte solution (using a Pt- black electrode) [39]. 
Yano et al. reported results showing that the effect of deactivation can be suppressed also 
by using gas diffusion electrodes [20]. 
2.4.2.2 Reaction mechanisms 
The reaction mechanism behind electrochemical reduction of CO2 is yet not fully 
understood, but several possible reaction paths have been suggested for different products 
[34,38,40,41]. Common for the proposed mechanisms is that all of them propose that CO 
is an intermediate product formed from adsorbed CO2 (CO2, ads). The adsorption of CO2 to 
a metal surface can occur in a number of ways (Figure 2.7, left), this and the strength of 
the adsorption can also affect the reaction mechanism and thereby the formed products. 
Figure 2.7 (right) gives a basic sketch of how reduction of CO2 can be explained [40]. 
 
Figure 2.7. Left: Possible ways of CO2 adsorption to a metal surface (large circles 
correspond to Cu). Right: Main reaction paths at the electrode surface for reduction 
of CO2 into CO, HCOO
-
 and hydrocarbons as well as evolution of H2. Originally 
published in [40]. 
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CHAPTER 3 
 
CHARACTERIZATION TECHNIQUES AND TEST SETUPS 
Several different characterization techniques have been utilized throughout the work in 
this project in order to investigate physical, chemical and electrochemical properties of 
electrochemical cells and its materials. Three different test setups (rigs) have been used 
for electrochemical measurements. This chapter provides a brief introduction to relevant 
characterization techniques and a thorough description of test rigs that were used within 
the work of this thesis. More detailed descriptions of the characterization techniques can 
be found in books, papers and forums on the web as well as in references cited in this 
chapter. 
3.1     EXPERIMENTAL TECHNIQUES  
3.1.1 Powder X-ray diffraction 
Powder X-ray diffraction, XRD (or PXRD), is one of the most widely used 
characterization techniques within solid state chemistry. It can be used for several 
purposes, for example to determine; crystal structure, lattice spacing’s and average grain 
size estimation [1].  
X-rays are generated in an electrically heated filament which emits electrons; the 
electrons are accelerated by a high potential difference (typically 20 - 50 kV). The 
electrons hit a cold metal surface (often copper or molybdenum) and X-rays are emitted 
in a wide range of frequencies and with different intensity. If copper is used as the metal 
target, a sharp high intensity peak with X-rays will be emitted with a wavelength of 1.54 
Å, called Kα radiation. In an X-ray diffractometer all wavelengths apart from the desired 
are filtered out so that a beam of monochromatic X-rays is allowed out from the X-ray 
generation source towards the sample, see Figure 3.1 a. This beam hits the sample with a 
certain angle, θ. Reflection occurs when scattered X-rays, which are in phase, hit different 
planes in the sample crystal and when the conditions for constructive interference are 
fulfilled. Figure 3.1 b shows a two dimensional drawing of a reflection within a crystal 
sample. Bragg’s law, Equation 3.1, can be used to calculate the lattice spacing within a 
crystal lattice [1,2]. 
                    (3.1) 
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where dhkl is the spacing between the crystal planes, θhkl is the Bragg angle, i.e. the angle 
at which reflection occur for these planes. λ is the wavelength of the monochromatic     X-
ray beam and n is an integral number corresponding to the order of the reflection, so n=1 
gives a first order reflection, n=2 second order and so forth. The miller indices (h, k, l) 
describes from which set of planes reflection occurs. The distance between the crystal 
planes in a cubic structure, with the lattice parameter a= b= c, can be calculated by 
Equation 3.2 [2]. One example of a cubic structured material is zirconium pyrophosphate, 
ZrP2O7. 
 
     
 
          
               (3.2) 
 
 
Figure 3.1. a) A schematic drawing of an X-ray diffractometer, b) a two dimensional 
drawing of Bragg reflection from crystal planes.  
A detector collects and measures the intensity of the reflected rays. XRD data is often 
presented as intensity versus 2θ, i.e. the angle of the incoming intensity to the detector 
compared to the angle of which the X-ray beam hit the sample. It is possible to determine 
the crystal structure of the material by comparing the measured X-ray diffractogram with 
databases, containing a large number of XRD diffractograms. Figure 3.2 shows an XRD 
diffractogram of two samples, copper and copper oxide. XRD measurements can also be 
performed on a heated sample holder and under various atmospheres. This type of 
measurements makes it possible to follow reactions, phase evolution and the thermal 
stability of materials.  Peak broadening occurs for samples with a crystallite size smaller 
than 100 nm. This phenomenon makes it possible to estimate the average crystallite size 
of a material by using the Debye- Scherrer equation, Equation 3.3.  
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    (3.3)  
 
K corresponds to a shape factor, typically 0.9, λ is the wavelength of the monochromatic 
X-ray beam, β is the peak width at FWHM (full with and half height) of a certain peak 
and θ is the Bragg angle [2]. 
 
Figure 3.2. Powder x-ray diffractogram for copper, Cu (black line), and copper 
oxide, CuO (Red line).  
Three X-ray diffractometers have been used for X-ray diffraction measurements in 
this thesis, STOE Theta-Theta diffractometer, Bruker D8 and Bruker D8 Robot. All three 
diffractometers used Cu Kα radiation with a wavelength of 1.54056 Å. XRD data was 
analyzed with STOE Win XPOW 2.20 and EVA software 13.0.0.3. 
3.1.2 Scanning Electron Microscopy 
Electron microscopes use an electron beam to image an object; this makes it possible to 
reach high magnification and resolution. Electron microscopes are usually divided into 
two categories; Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM). The difference between the two is in the way the sample is imaged. 
In a SEM an electron beam is swept over the sample surface while the beam in a TEM is 
moving through the sample. Scanning electron microscopy was used to image samples 
and powders in this thesis.  
Electrons in the beam are emitted from a filament. Two types of filaments are 
common, either a field emission gun (FEG) or a thermo ionic source. The difference is 
that a FEG emits electrons when an electric field is applied to it and the thermo ionic 
source emits electrons when it is heated [3]. Generated electrons are accelerated by a 
positively biased anode. This bias is referred to the accelerating voltage which determines 
the velocity of the electrons and thereby also the resolution of the image. Magnetic lenses 
are used to focus the electrons while moving towards the sample, aligning these lenses is 
of great importance in order to get high resolution micrographs. Electrons that interact 
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with the sample lose energy, this is called inelastic scattering and electrons that bend 
around or passes through the sample will keep their energy and are called elastically 
scattered, Figure 3.3 summarizes different types of interactions and scattering when the 
primary beam interacts with the specimen [3,4].  
 
Figure 3.3. Summary of Generated signals generated from a high energy electron 
beam interacting with a specimen. Redrawn from reference [3]. 
Micrographs from scanning electron microscopes can be formed using different 
detectors. Several detectors are often available within the same microscope. The choice of 
detector depends on which information that is desired. Secondary electron (SE) detectors 
use secondary electrons, which are electrons that are emitted from the sample when it is 
bombarded with high energy electrons from the beam. SE’s have low energy and are 
therefore only emitted from the surface and the outer most layer of the sample (Figure 
3.4) The SE detector gives an image of the surface and thereby also the topography of the 
investigated specimen. Another type of detector is the backscattered electron (BSE) 
detector. This detector detects backscattered electrons, i.e. primary electrons from the 
incident beam that are elastically scattered after interaction with the sample. BSE- 
detectors are sensitive to the atomic number of the specimen and give a contrast 
difference between different elements; specimens with high atomic number generated 
more backscattered electrons and their contrast is therefore higher. The resolution for a 
BSE- detector is normally lower than it is for a SE-detector since BSE can penetrate 
deeper (due to their high energy) and wider into the sample than SE’s, compare the width 
of their interaction volumes in Figure 3.4 [4].                                                                                                                                                                                                                                                                                                
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Figure 3.4. Interaction volumes indicating where secondary electrons, backscattered 
electrons and X-rays can be emitted and detected from, redrawn from reference [4]. 
3.1.2.1 X-ray Energy Dispersive Spectroscopy 
X-ray energy dispersive spectroscopy, EDS, is used for chemical analysis of specimen 
directly within the electron microscope. This can be done both qualitatively and 
quantitatively. An EDS detector collects and counts characteristic X-rays emitted from 
the specimen as it is bombarded with electrons from the incident beam. Inelastically 
scattered electrons lose energy as they hit atoms in the sample, this energy excites the 
atom and inner-shell electrons of the exposed atom are moved to an outer electron shell, 
i.e. the electron is left in a higher energy state. Characteristic X-rays are emitted as the 
excited electron returns to its original. The energy of the emitted X-rays corresponds to 
the energy difference between the two electron shells and is thereby characteristic for 
each atom. The resolution for an EDS detector is lower than that of both BSE- and SE- 
detectors, this since X-rays can escape from a larger volume of the sample (compare 
Figure 3.4) [3]. 
In this thesis three different Scanning Electron Microscopes were used:  Zeiss Supra 
35 (SE- and BSE detector), Hitachi TM-1000 Tabletop microscope (BSE- detector) and a 
Hitachi TM-3000 Tabletop microscope (BSE detector). EDS was performed using a 
ThermoFisher Scientific energy-dispersive X-ray spectrometer and data was analyzed 
using Noran System 6 X-ray microanalysis system from Thermo Scientific (Software 
version NSS 2.3). 
3.1.3 Thermal analysis 
Thermal analysis measurements are important in order to characterize the thermal 
stability. Thermogravimetric analysis, TGA, and differential thermal analysis, DTA, are 
two commonly used techniques for thermal analysis of solid materials. The principle 
behind TGA is very simple, i.e. the weight change of a sample is measured against time, 
temperature or gas composition. It is common that materials change their weight upon 
heating/ cooling or a gas change. For example desorption/ adsorption of water on the 
surface or within the crystal structure, decomposition of the material or reactions between 
the gas atmosphere and the material can be reasons for weight changes. TGA results are 
often presented as weight loss versus either time or temperature. 
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DTA record temperature changes within the material; reactions, adsorption/ 
desorption or decomposition processes that occur within a material change the 
temperature in the sample. These changes can be related to endothermic or exothermic 
processes. The DTA results are retrieved by heating a sample in one chamber and a 
reference material in another chamber and then subtract the temperature results from each 
other, in this way is it possible to detect also phase changes within materials that are not 
visible on a TGA curve, one example is RbH2PO4 which changes from tetragonal to a 
monoclinic structure at 90 ºC without changing its molecular weight, this will give rise to 
a change of the temperature without any weight loss. An increase in temperature 
corresponds to an exothermic reaction, i.e. a positive difference with respect to the 
reference, and a decrease in temperature to an endothermic reaction [2]. TGA and DTA 
measurements are often performed simultaneously using the same experimental setup. 
3.1.4 Electrochemical measurements 
3.1.4.1 Electrochemical impedance spectroscopy  
Electrochemical impedance spectroscopy, EIS, is among other things an important 
characterization technique in the development of electrochemical cells. Impedance is a 
measure of an electrical circuit’s ability to resist a flow of electrical charge. Impedance is 
under an applied alternating voltage (or current), while resistance is measured using DC- 
voltage. Impedance is not limited by the simplified properties in Ohm’s law, Equation 
3.4:  
 
  
 
 
  (3.4)  
 
Where U is the voltage (potential difference) and I is the current. Ohm’s law is only valid 
for an ideal resistor which is independent of frequency and where the voltage and current 
are in phase with each other [5]. Impedance on the other hand is dependent on frequency 
(f) and can be split into a real and an imaginary part, Z’ and Z’’ respectively. Assume that 
an AC voltage (U) with a known amplitude (U0) and angular frequency, ω= 2πf, is 
applied to a cell and the response signal is I. I will be shifted in phase (ϕ) and have the 
amplitude of (I0), see Equations 3.5 and 3.6. 
 
                 (3.5)  
                   (3.6)  
 
The impedance can then be expressed and calculated by an expression analogous to 
Ohm’s law (Equation 3.7): 
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 (3.7) 
 
Euler’s relationship can be used to express the impedance as a complex function 
consisting of a real and an imaginary part if the applied amplitude is small, i.e. the 
measurement is carried out in a linear or pseudo-linear region, Equation 3.8. A Lissajous 
figure (plot of the applied sinusoidal signal versus the sinusoidal response signal) can be 
used to confirm that the measurement is performed in a linear or pseudo linear region 
[5,6]. 
 
     
   
    
          
    
                       
              (3.8) 
                                             
 
Electrochemical impedance spectroscopy measurements are often conducted over a 
wide range of frequencies, typically from mega-hertz to milli-hertz. The main advantage 
of EIS is its ability of discriminating inductive, resistive and capacitive processes that 
occur at different timescales. The impedance of an electrochemical cell often contains 
more than one time dependent contribution to the total resistance, these processes can 
sometimes be resolved and evaluated separately if measurements are performed at 
different conditions [6]. 
EIS data are often presented as a Nyquist or a Bode plot. In a Nyquist plot is –Z’’ 
plotted against Z’ and in the Bode plot is the |Z’|, |Z’’| and ϕ plotted against 
log(frequency). They do in principle contain the same information and can be converted 
into each other [7]. The most important parameters that can be obtained from an EIS 
measurement are the ohmic resistance, the polarization resistance and the total cell 
resistance. The ohmic resistance, RΩ, also called serial resistance, Rs, is the electrolyte 
resistance and the resistive contribution from the setup. This is often found as the high 
frequency intercept at the real axis in a Nyquist plot. The electrode polarization 
resistance, Rp, can be retrieved from both Nyquist and Bode representations by 
subtracting the serial resistance from the total cell resistance according to: Rp= Rtotal- Rs. 
The polarization resistance is often built up by several physical processes occurring at 
different time scales in the electrode. Therefore, the impedance for an electrode is the sum 
of the impedance for each of these physical processes.  
Equivalent circuits are often used in order to simplify analysis of EIS measurements. 
These circuits can sometimes be ascribed to true electrochemical (or other) processes that 
occur within the cell giving a true physical- chemical description of the system. The 
circuits consist of passive electrical elements, which are fitted to the data points and can 
in some cases be allocated to processes that occur in the electrochemical cell. Data fitting 
is often performed using a CNLS (complex non-linear least squares) methodology. 
Common elements are; inductors (L) [7], resistors (R) [7], capacitors (C) [7], constant 
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phase elements (Q) [7], Gerischer (G) [8] and finite Warburg (W) [7] elements. The 
impedance for each of these elements is presented in Equation 3.9-3.14.  
 
        (3.9) 
      (3.10) 
    
 
   
  (3.11) 
    
 
      
  (3.12) 
 
n is a measure of the ideality (0 <n < 1) of the constant phase element, Q is an ideal 
capacitor when n=1. 
 
      
 
      
  (3.13) 
     
          
      
 (3.14) 
 
It is important to know the quality of impedance measurements before CNLS- fitting 
is performed. Common problems in EIS data are that the system is non-stable, that the 
applied amplitude is too large giving strong non-linearity in the measurement region or 
that systematic errors from the measurement setup are added to the data. EIS data can be 
validated by the use of the Kramers-Kronig (K-K) relations. Four distinct rules must be 
fulfilled in order for EIS data to cope with these relations, namely: causality must be 
fulfilled, meaning that the measured response only arises from the applied signal, the 
measurement must be carried out in the linear regime and the sample must not change 
within the measurement time. The last rule is that the K-K transform require data points 
from zero to infinite frequency, fulfilled by extrapolation of measured data. A more 
through explanation and mathematical description of Kramers-Kronig validation of EIS 
data can be found in [9,10].  
3.1.4.2 Cyclic sweep measurements 
Cyclic sweep measurements or cyclic voltammetry, CV, is a widely used electrochemical 
characterization technique. CV measurements can reveal several properties and processes 
that occur within an electrochemical cell, for example; offset potentials for reactions, 
reaction kinetics, oxidation or reduction processes of electrode materials as well as 
reactants and for corrosion studies. CV measurements are performed by a continuous 
change of the applied cell voltage while the current response is measured [11]. 
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3.2 MEASUREMENT SETUPS 
3.2.1 Single atmosphere test setups  
Initial development and characterization of electrolytes, electrodes and button cells was 
carried out using two different single atmosphere setups, i.e. setups were the whole cell 
operates in the same gas atmosphere. These test rigs had to be re- constructed in order to 
fit the needs for testing under relevant conditions. This reconstruction work included 
addition of a high humidity system providing the possibility of testing cells under high 
humidification (up to 20 % steam), possibility of measuring with carbon dioxide in the 
test rig as well as addition of gas analysis tubing and fittings. The reconstruction, gas 
handling system for each test rig, and a description of the constructed sample holder is 
provided in the following sections.  
3.2.1.1 Test setup 1, conductivity measurements  
Test rig one was used for conductivity measurements of electrolyte materials. This test rig 
is placed in a cabinet equipped with gas sensors sensing CO and H2. These gas sensors 
are connected to a safety box that will close magnetic valves and stop the inlet flow of H2 
and O2 in case of leakage of hazardous gases. These sensors are triggered if the 
concentration exceeds 20 ppm of CO and 0.4 % of H2, which equals 10 % of the lower 
explosion limit for H2. The gas handling system for test rig one is shown in Figure 3.5 
and controllable parameters and ranges are presented in Table 3.1. Four different gases 
can be used and mixed in desired ratios by adjusting each gas flow rate, in the range from 
0- 200 ml∙min-1, by electrically controlled mass flow controllers. The sample temperature 
in the test rig is monitored, adjusted and programmed with respect to ramp rate (1 - 5 
o
C∙min-1), hold time and set temperature (Troom- 850 ºC).  
The rig was reconstructed so that the gas mixture into the test rig not only can be dry 
(pH2O < 0.01 bar), but also humidified. The humidification system was manufactured in a 
way that the inlet flow of gases can be directed through a heated water bottle for 
humidification. A standard three way valve was mounted to control the direction of the 
gas. The water bottle is heated by a heating jacket, which can keep the water temperature 
at constant temperature between 20 ºC and 60 ºC, corresponding to 0.023 - 0.20 bars of 
steam (pH2O) calculations are presented in Appendix A [12]). A pressure relief valve, 
opening at 0.3 bars over pressure, was attached to the water bottle to assure that the bottle 
can not explode from any built up pressure. The upper part of the water bottle was 
insulated with aluminium foil and heated with a heating gun giving an approximate 
temperature of 80 - 90 ºC at the top of the humidification bottle. Humidified gases were 
transported via a heated tube (T = 110 ºC) in order to avoid condensation on the way to 
the test rig. The humidification system was constructed in a way that it can easily be de-
attached and attached to another rig (see rig two below), by using quick couplings at all 
connection points. 
The sample holder, described in Section 3.2.1.3, is placed in a furnace controlled 
according to the description above. The gas outlet from the sample holder is led through a 
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condensation bottle and from there further out to the main ventilation system of the 
laboratory.  
 
Figure 3.5. A schematic sketch of the gas handling system and the test setup used for 
conductivity measurements.  
 
Table  3.1. Controllable parameters and their operating ranges for test setup 1, used 
for conductivity measurements. 
Property  
Temperature range 25 - 850 ºC 
Humidity levels < 0.01 % - 20% 
Available gases Air, O2, N2, CO2, 9% H2 in N2, H2 (only at T > 600 ºC) 
Gas flow 0 - 200 ml∙min
-1
, controlled by electronic mass flow 
controllers 
Pressure Atmospheric pressure 
3.2.1.2 Test setup 2, electrode and full cell test measurements 
The gas handling system for the single atmosphere test setup used for electrochemical 
testing and characterization of electrode materials and full button cells is presented in 
Figures 3.6 and 3.7. The possible operating conditions and adjustable parameters are 
presented in Table 3.2. The two measurements single atmosphere setups are similar in 
their construction and in their way of operation (compare Table 3.1 and 3.2). The same 
humidification system as was constructed for rig one, Section 3.2.1.1, was used for 
measurements in this setup. Another feature was added to this rig, namely the possibility 
of mixing gases. Originally only air was available to this test stand, but two additional gas 
lines were connected, one delivering N2 or CO2 and the other delivering diluted hydrogen, 
(either 9 % H2 in N2 or 9 % H2 in Ar). This test rig was not placed within a cabinet, but 
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placed in a well ventilated laboratory. Two gas sensors to detect CO and H2, are placed 
1.5 meters away from the rig and are connected to the building evacuation alarm. One 
handheld CO and H2 sensor was also used during the experiments and was placed just 
outside the furnace. The gas flows are manually controlled by a ball-flow meter and the 
sample holder placed in a furnace, which was manually programmed and controlled. The 
outlet gas is led through a condensation bottle and further out to the main ventilation 
system of the lab.  
 
Figure 3.6. Gas handling system and a schematic sketch over the test setup used for 
electrode and full cell tests characterization.  
 
Table 3.2. Controllable parameters and their operating ranges the test setup used for 
electrode and full cell tests characterization. 
Property  
Temperature range 25 - 850 ºC 
Humidity levels < 0.01 % - 20% 
Available gases Air, N2, CO2, 9% H2 in N2, 9% H2 in Ar 
Gas flow 0 - 200 ml∙min
-1
,for Air and H2 containing gases,           
0 - 100 ml∙min
-1
 for CO2 and N2, controlled by ball flow 
meters  
Pressure Atmospheric pressure 
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Figure 3.7. Photograph showing the test setup with connected humidity supply and 
data acquisition unit. 
3.2.1.3 Sample holder 
The sample holder was used for both conductivity tests and for electrode and full cell 
tests. This sample holder was prepared for four samples to be tested simultaneously in 
each electrochemical test. Figure 3.8 shows a photography and a schematic sketch of the 
sample holder. The samples are placed between metal meshes in order to assure good 
electrical contact between the electrodes and the current and voltage platinum wires. 
Platinum meshes were used for current collection during conductivity measurements 
while full cells and electrodes were measured using meshes of the same metal as the 
electrodes, i.e. platinum meshes for the tested anodes and copper meshes for the cathodes. 
The maximum sample size that can be used in the setup is 10 mm in diameter for circular 
samples. The sample holder was also equipped with an external lead/ connection that can 
be used when three electrode cells are tested. Alumina or metal weights were placed over 
the samples to improve the contact between the current collecting mesh and the samples. 
The sample temperature was measured with a K-type thermo couple positioned in close 
vicinity to one of the sample positions (sample position 2). Electrochemical measurement 
devices and a sample changer were connected on the top of the sample holder, in a 
faradaic cage to avoid noise from surrounding equipment. The sample changer was used 
to control at which of the four samples electrochemical measurements were performed. 
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The sample holder was mounted in an alumina tube which was positioned in the 
furnace and tightened at the top with a rubber O-ring and four screws. One inlet and one 
outlet gas tube were connected at the top of the rig (see Figures 3.5 and 3.6 in Sections 
3.2.1.1 and 3.2.1.2). The inlet tube was, as mentioned, heated to 110 
o
C and the upper part 
of the sample holder was also heated to 110 ºC using a heating cartridge and insulating 
wool covered with aluminium foil. Either a mass spectrometer or a gas chromatograph 
could be connected to a 1/16 inch tube that was mounted to the sample holder. This tube 
has an open end towards one of the samples and on/off valves at the top of the sample 
holder. 
     
Figure 3.8. a) Schematic sketch of the sample holder that was constructed for 
conductivity measurements as well as electrode characterization and single 
atmosphere full cell testing and b) photo of the sample holder. 
3.2.1.4 Cell designs 
Different tests require different cell designs, Figure 3.9 shows three cells with different 
cell design used in this work. Conductivity measurements were performed using 
symmetrical cells with platinum electrodes on each side of the electrolyte material. 
Electrode performance and full cell tests were conducted either by using three electrode 
cells or two electrode cells with two different electrodes. Three electrode cells were 
prepared with a thicker electrolyte than commonly used to add a small notch at half the 
electrolyte height. A thin platinum painted platinum wire was attached around this notch 
to operate as a reference electrode. Thorough descriptions of fabrication procedure, 
electrolyte- and electrode materials as well as results are presented in the experimental 
chapters of this thesis. 
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Figure 3.9. Schematic sketch of the three cell types (seen from the side) used for 
characterization of electrolyte materials as well as electrode and full cell 
performance. Left: a symmetrical cell for characterization of electrolyte materials. 
Middle: a three electrode cell with a Pt-reference electrode at half the electrolyte 
height and two different electrodes (anode (black) and cathode (orange)) Right: a two 
electrode cell with anode (black) and cathode (orange).  
3.2.2 High pressure test setup 
A fully automated test setup, called rig 28, that has the ability of performing 
electrochemical tests under elevated temperatures (up to 300 ºC) and pressures (up to 100 
bars) was used for initial measurements at elevated pressures. This setup allowed 
electrochemical cells to be tested in a single atmosphere chamber or in a dual atmosphere, 
i.e. different atmospheres at the two electrodes.  
3.2.2.1 Test setup: Gas handling and safety systems 
Rig 28, which is placed in a highly ventilated cabinet, has an advanced safety system 
including gas sensors for detection of H2, O2 and CO inside the cabinet (upper left corner 
in Figure 3.10 a and b). These sensors trigger a safety box if the concentration of H2 
exceeds 0.4 % ppm, O2 concentration goes below 19 or above 23 % and if the CO 
concentration exceeds 20 ppm. The doors to the cabinet are equipped with interlocks, 
meaning that the safety box will be triggered if the doors are opened when the rig is in 
operational mode. There are also controllers for temperature and pressure connected to 
the safety box to ensure that maximum values are not exceeded. A pressure vent will open 
if the maximum pressure is exceeded and release the pressure as well as trigger the safety 
box. The safety box will release the rig pressure, turn off explosive gases, by closing a 
magnetic valve which is positioned on each inlet gas line, and decrease the rig 
temperature to room temperature if it is triggered for one or more of the above mentioned 
reasons. 
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Figure 3.10. a) Photography of rig 28 including the data acquisition unit. b) a 
photography of the inside the gas cabinet showing vital parts of the test setup. 
Four different gases can be fed into the rig, namely O2, H2, N2 and CO2. Figure 3.11 
shows a schematic sketch over the gas handling system for rig 28. O2 can only be fed into 
the large compartment (through inlet 3) while CO2 and N2 can be fed into either the large 
(through inlet 3) or the small (through inlet 5) compartment. H2 can be fed to the large 
compartment (through inlet 7), the small compartment (through inlet 5) or to both 
compartments simultaneously, Figure 3.11. The flow rate of each gas is electrically 
controlled and programmed by mass flow controllers. The autoclave is also equipped with 
two catalytic burners (CB-01 and CB-14, Figure 3.11). CB-01 is positioned at the inlet to 
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the large compartment and will catalytically convert hydrogen and oxygen into steam. 
The steam concentration is thereby determined by the flow rates of the inlet gases. An 
excess of hydrogen or oxygen can be obtained so that measurements can be performed in 
oxidizing or reducing atmospheres. The second catalytic burner (CB-14) is positioned at 
the outlet of the autoclave in order to catalytically react any free oxygen and hydrogen 
into steam to avoid explosive gas mixtures in the exhaust gas.  
The autoclave vessel is made of stainless steel with two heating elements attached on 
its outside. These heating elements adjust the inner temperature of the autoclave via 
Eurotherm temperature controllers connected to K-type thermocouples inside the 
autoclave. The inner wall of the vessel is protected by additional liners; one titanium- and 
one Teflon liner. The top lid and the bottom lid of the autoclave are made out of Inconel. 
The sample holder is mounted to the autoclave lid and the whole piece is inserted to the 
autoclave compartment before it is sealed using a Teflon O-ring and 12 bolts. A pressure 
test is conducted prior to the start up of a test to assure that the system is gas tight [13]. 
Only initial characterization of electrochemical cells have been performed with this 
setup in this study due to a long delay and unforeseen complications which occurred 
during the construction and commissioning of the test setup. The test results obtained are 
presented in Chapter 11. 
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Figure 3.11. A schematic sketch of the gas handling system for the high pressure test 
setup (rig 28).  
3.2.2.2 Sample holder 
The Inconel sample holder used in rig 28 is shown in Figure 3.12. The sample holder is 
constructed so that four samples can be electrochemically tested at the same time. The 
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electrode that is mounted upwards, the counter and reference electrode, will be in contact 
with the gas atmosphere that is fed into the large compartment of the autoclave and the 
electrode mounted to face the bottom of the sample holder is the working electrode. The 
working electrode and the working sense will either see the same atmosphere as the upper 
electrode or the gas mixture that can be fed from the lower gas inlet. The samples are 
fixed at their respective position by a Teflon cylinder which is pressed onto the sample 
with the help of a Ni- spring and a headless screw. A platinum mesh is used for current 
collection at the counter electrode while a copper mesh is used at the working electrode. 
The current collectors are connected to K-type leads by thin platinum and copper wires. 
The K-type leads are connected to the potentiostat used for electrochemical 
characterization. Measurements carried out in this thesis were performed in a way that the 
counter and reference electrode was the anode and the working electrode and the working 
sense was the cathode. 
 
Figure 3.12. a) Photograph of the sample holder and autoclave lid b) Photograph of 
the sample holder loaded with samples and c) schematic sketch of the sample holder.  
3.2.2.3 Gas analysis 
Gas analysis can be performed continuously from one or more samples. Figure 3.11 
shows how a gas analysis system can be connected to the setup; a thin capillary tube is 
entering the rig through one of the inlets in the top of the samples holder and can then be 
positioned either at the top electrode or into the outlet from the lower compartment for 
analysis of gases evolved from the cathode, see Figure 3.12. Due to the delay in the rig 
construction only a few initial tests of the gas analysis system were performed using a gas 
chromatograph. 
3.2.2.4 Cell designs 
Two different cell designs were tested in this work; they are sketched in Figure 3.13. 
Cells of design 1 had a diameter of 10 mm and electrodes of equal size while cells of 
design 2 had a diameter of 12 mm with a smaller cathode, only being 6 mm in diameter. 
These two cell design was used in an initial pre-study to evaluate and find a method of 
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sealing and conduct proper gas analysis of solid acid based electrochemical cells. Initial 
test results are further described in Chapter 11. 
 
Figure 3.13. Schematic sketch over two cell designs that have been used in the high 
pressure autoclave. Left: Cell design 1 and Right: Cell design 2.  
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CHAPTER 4 
 
THERMAL STABILITY AND ELECTRICAL CONDUCTIVITY OF 
ME0.9Y0.1(P2O7)1-δ,    (ME= SI, SN, ZR & CE) a 
The aim of Part II was to find suitable electrolyte materials for the cell concept described 
in Chapter 2. This chapter consists of an initial study on four Y- doped pyrophosphates 
having different host cations. The aim was to find out how the conductivity and phase 
stability of pyrophosphates depend on the choice of host cation. Furthermore, the study 
aimed to identify if any of the compounds were suitable as electrolytes in electrochemical 
cells operating at 200 - 300 
o
C.  
ABSTRACT 
Four yttrium doped pyrophosphates with different host cations have been synthesized 
using different stiochiometry of phosphor to metal. The phase evolution and thermal 
stability have been characterized using powder X-ray diffraction, thermal gravimetry and 
mass spectrometry. The identity of the host cation was found to affect the phosphor to 
metal ratio necessary to achieve single phase powders. The electrical conductivity has 
been investigated at a number of temperatures and varying partial pressures of H2O 
(ranging from pH2O < 0.001 atm to 0.20 atm) in reducing and oxidizing gas mixtures. 
The conductivity of Si0.9Y0.1(P2O7)1-δ, Zr0.9Y0.1(P2O7)1-δ and Ce0.9Y0.1(P2O7)1-δ was 5, 1.2 
and 30 mS∙cm-1, respectively, at 190 °C  and pH2O = 0.20 atm. Sn0.9Y0.1(P2O7)1-δ had a 
conductivity of 2 mS∙cm-1 at 150 °C. A long term degradation measurement (1100 hours 
at 155 °C) was conducted for Sn0.9Y0.1(P2O7)1-δ and Zr0.9Y0.1(P2O7)1-δ at alternating 
humidity. Sn0.9Y0.1(P2O7)1-δ showed constant conductivity at pH2O = 0.2 atm while 
Zr0.9Y0.1(P2O7)1-δ degraded with time.  
 
a
 This chapter has been submitted to: Journal of Solid State Electrochemistry in April 2013: J. Hallinder*, 
C. Chatzichristodoulou, A. Lapina, P. Holtappels, and M. B. Mogensen., Title: Thermal Stability and 
Electrical Conductivity of Me0.9Y0.1(P2O7)1-δ, (Me= Si, Sn, Zr & Ce) 
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4.1.   INTRODUCTION 
Fuel cells and electrolyzers operating at intermediate temperatures (200 – 400 °C) can 
potentially have several advantages over their high temperature (600- 1000 °C) and low 
temperature (< 100 °C) counterparts. Low temperature PEM cells are due to their low 
operation temperature limited to the use of precious metal catalysts. Fuel cells and 
electrolyzers operating at intermediate temperatures (200 - 400 °C) can potentially have 
increased catalytic activity with non-noble metal catalysts, enabling a decrease in material 
cost compared to low temperature cells. [1] High temperature solid oxide cells, operating 
at 600- 1000 °C, often suffer from cation diffusion and formation of insulating layers at 
interfaces, coarsening of catalysts and rapid degradation of sealings and interconnects.  
Operation at intermediate temperatures requires new proton conducting electrolyte 
materials. One group of intermediate temperature proton conductors that has attracted 
extensive interest over the last years are pyrophosphates, MeP2O7, where Me = tetravalent 
cation. A large number of pyrophosphates based on different tetravalent host cations and 
doped with trivalent or divalent cations have been synthesized and characterized [2-5], 
with In- doped tin pyrophosphate being the most studied composition. [3,6] Nagao et al. 
reported a conductivity value of 0.2 S∙cm-1 for Sn0.9In0.1P2O7
 
at 200 °C in air (pH2O ≈ 
0.0075 atm). [3]  
Acceptor doping, i.e. doping with a lower valent cation, is often reported to increase 
the conductivity of pyrophosphates, but the conductivity mechanism is still not 
understood. Different mechanisms have been proposed, but more data is needed in order 
to fully understand the conductivity mechanisms. [7] Indium, Aluminum, Magnesium, 
Yttrium, Scandium and Gallium are a few examples of acceptor dopants. Genzaki et al. 
[8] and Nagao et al. [3] have reported that doped SnP2O7 goes through a maximum in 
conductivity at a doping level of 10 mol % when doped with Mg and In, respectively, 
while Scott et al. [9] reported that a doping level of 20 mol % gives the highest 
conductivity when SnP2O7 was doped with antimony. Ionic transference numbers above 
0.8 have been reported by several authors. For example Nagao et al. [3] report ionic 
transference numbers above  0.9 for SnP2O7 and Wang et al. [10] measured the ionic 
transference number to be 0.95 in wet H2 (for Sn0.94Sc0.06P2O7).  
The phase composition is dependent on the choice of cation, synthesis method and 
thermal treatment history. For example CeP2O7 is reported to decompose already at 400 -
500 °C [4,11] while SnP2O7 and ZrP2O7 are reported to be stable up to temperatures 
above 1000 °C. [12,13] There is a large discrepancy of reported conductivities, for 
example Nagao et al. [3,14] report a conductivity value of 200 mS∙cm-1 for Sn0.9In0.1P2O7 
whereas Einsla et al. [15] report 5.5 mS∙cm-1 for nominally the same compound, but 
prepared following a different synthesis procedure. Also, the phosphor to metal ratio has 
been shown to largely affect the conductivity. [3,16] Studies by Wang et al. [16] and 
Nagao et al. [3] show that an over-stiochiometry of phosphor compared to the 
stoichiometric value (2) is beneficial from a conductivity point of view. Jin et al. [2] 
report that the conductivity is dependent on the choice of host cation in the order of Zr
4+
 < 
Ge
4+
 < Si
4+
 < Ce
4+
 < Ti
4+
 < Sn
4+
.  
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This study comprises an effort to clarify the influence of the host cation on the 
conductivity and phase composition. Four pyrophosphates doped with 10 molar % 
yttrium, namely Si0.9Y0.1(P2O7)1-δ, Sn0.9Y0.1(P2O7)1-δ, Zr0.9Y0.1(P2O7)1-δ and 
Ce0.9Y0.1(P2O7)1-δ have been synthesized and carefully characterized with respect to phase 
evolution and conductivity. Yttrium was chosen as the dopant because it is three valent 
(3+) making it suitable as a dopant. Also, its size is in between the size of the host cations 
(cerium, zirconium, tin and silicon), increasing the probability of being incorporated into 
all four pyrophosphates. 
4.2.   EXPERIMENTAL 
4.2.1 Synthesis 
Si0.9Y0.1(P2O7)1-δ, Sn0.9Y0.1(P2O7)1-δ, Zr0.9Y0.1(P2O7)1-δ and Ce0.9Y0.1(P2O7)1-δ, were 
synthesized by mixing the respective metal oxides: SiO2 (99.5 %, Alfa Aesar), SnO2 (99.9 
%, Alfa Aesar), ZrO2 (> 99 % Sigma Aldrich) and CeO2 (99.9 %, Sigma Aldrich), the 
dopant Y2O3 (99.9 %, Johnson Mathew) and phosphoric acid (85 % H3PO4 in H2O w/w, 
Sigma Aldrich). Oxides, dopant and H3PO4 were added in the molar ratio: 0.9:0.1:2.6 
respectively. The mixed reactants were magnetically stirred and heated on a hot-plate (set 
temperature = 300 °C) until a high viscosity slurry was formed. The materials were then 
heat treated in a hot chamber (200 °C) over night, a small quantity of each powder was 
taken out and annealed at 380, 590, 790 °C for 6 h and 980 °C for 12 h. The as-
synthesized powders (except Si0.9Y0.1(P2O7)1-δ) were then mixed with additional H3PO4 
giving a phosphor to metal ratio (P:Metal ratio) of  3.1:1, also 10-20 ml H2O was added to 
the mixtures before they were additionally stirred on a hot plate (200- 300 °C for 0.5-2.5 
h)  and further heat treated at 200 °C (overnight). The prepared materials were then 
annealed at 380, 590, 790 and 980 °C in air for 3h at each temperature using a ramp rate 
of 180 °C hour
-1
. All annealing steps were performed with the powders placed in alumina 
crucibles with an alumina lid placed on top. The four materials from the initial synthesis 
will be abbreviated as: SiY10, SnY10, ZrY10 and CeY10 and the re-synthesized batches 
are abbreviated as SnY10+P, ZrY10+P and CeY10+P. 
4.2.2 Morphology, Crystal structure and Thermal stability 
The crystal structure of the synthesized and annealed materials was analyzed using 
powder X-ray diffraction, PXRD (Bruker D8 Advance diffractometer with Cu Kα 
radiation and a PSD LynxEye detector). All X-ray diffractograms were recorded between 
10-80°
 
2theta with a step size of 0.02
o
. EVA 13.0.0.3 was used for analysis of X-ray 
diffractogram.  
Thermal gravimetric analysis (Netzsch STA 409CD, TGA) and gas analysis 
measurements (mass spectrometry, Omnistar GSD301) on the outlet gas stream was 
performed on all materials. The temperature was increased stepwise (using a ramp rate of 
2 °C/ min) from room temperature up to 900 °C, including hold times at 100, 150, 200, 
250, 300, 500, 700 and 900 °C. The hold time was 60 minutes at each temperature plateau 
except at 150 °C were the hold time was 300 minutes including atmosphere changes: air 
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to N2, to CO2, to 9 % H2 in N2 and back to air. Approximately 100 mg of each material 
was used for the measurements. 
4.2.3 Conductivity 
Disc shaped symmetrical cells, i.e. cells with two identical electrodes, were prepared by 
pressing ground powder of each compound using a uniaxial press (300 MPa in pressure), 
the mould used had a diameter of 8 mm. Commercially available PEM CCB (catalyst 
coated backing) electrodes from IRD A/S with 0.56 mg Pt cm
-2
 were used as electrodes. 
These Pt- carbon papers were placed on both sides of the electrolyte. One annealing 
temperature of each material was tested, namely the one that gave the least amount of 
secondary phases: SiY10 annealed at 980 °C, SnY10+P annealed at 590 °C, ZrY10+P 
annealed at 980 °C and CeY10+P annealed at 380 °C. The electrical conductivity of the 
materials was measured using a single atmosphere setup. The setup is constructed so that 
diluted H2 in N2 (maximum 9% H2), N2, air and O2 and various humidities (<0.001 - 0.2 
atm H2O) can be used and mixed at temperatures ranging from room temperature up to 
850 °C. Four samples can be tested in each test. A Solartron 1260 frequency response 
analyzer and a Gamry Instruments, Reference 600 Potentiostat/ Galvanostat/ ZRA were 
used for electrochemical impedance spectroscopy (EIS) measurements. EIS 
measurements were carried out using an AC signal with an amplitude of 20 mV over a 
frequency range of 1 MHz down to 1 Hz. Data analysis was carried out using ZSimpWin 
3.21 and Zview 3.0a. Three electrochemical tests were performed by varying the 
temperature, humidity, and gas composition. The first two tests were performance tests. 
In these tests the temperature, humidity and gas composition were changed several times. 
The third test was a long term stability test conducted at a constant temperature (155 °C). 
The humidity was changed three times between dry (pH2O < 0.001 atm) and humid 
(pH2O = 0.20 atm) conditions, respectively. 
4.3.   RESULTS 
4.3.1 Crystal structure and Thermal Stability 
4.3.1.1 X-ray diffraction measurements 
X-ray diffraction measurements carried out on SiY10 after synthesis and annealing at 380 
°C showed a complex mix of several crystal structures. Annealing at 790 °C and 980 °C 
resulted in a three phase system where all three phases were SiP2O7, but with different 
crystal structures, Table 4.1. SiY10 was the only material showing only the desired phase 
composition after the first synthesis, using a P:Metal ratio of 2.6:1.  
ZrY10 showed residual ZrO2 after all annealing temperatures, the intensity of the 
oxide peaks decreased for ZrY10+P compared to ZrY10, i.e. after addition of phosphoric 
acid (P:Metal ratio 3.1:1), but did not disappear completely. ZrY10+P annealed at 980 °C 
showed the least amount of residual ZrO2.  
SnY10 showed peaks of oxide, SnO2, without any significant difference in oxide 
content for the two samples, SnY10 and SnY10+P, after heat treatment at the higher 
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temperatures (790 and 980 °C). SnY10 showed a decrease in oxide content for higher 
annealing temperature while the oxide content for SnY10+P decreased when it was 
annealed at 590 °C compared to 380 °C and stayed almost constant after annealing at 
temperatures higher than 590 °C. The main phase was SnP2O7 after annealing at 590 °C, 
but there was still a significant amount of SnO2 left in the sample.  
The Cerium pyrophosphates showed a more severe decomposition upon high 
temperature treatment than the other materials. CeY10 showed a significant amount of 
residual CeO2 in the as-synthesized powder, but the CeO2 content decreased after 
annealing at 380 °C. Annealing at higher temperatures resulted in a stepwise 
decomposition of the compound resulting in a two phase system consisting of Ce(PO3)3 
and CePO4 as a secondary phase after annealing at 980 °C. CeY10+P, P:Metal ratio 3.1:1, 
showed less residual oxides compared to CeY10 after annealing at 380 °C giving an 
almost phase pure CeP2O7 structure. Also, CeY10+P decomposes into Ce(PO3)3 as the 
main phase and a small amount of CePO4 after annealing at 980 °C.  
Table 4.1 summarizes the phase evolution with respect to crystal structures and their 
corresponding space groups for SiY10, SnY10+P, ZrY10+P and CeY10+P, the 
dominating phase is the first one named in each cell and compounds with a maximum 
peak intensity lower than 10 % of the dominating phase are put in parenthesis. Figure 4.1 
shows one X-ray diffractogram for each compound, namely; SiY10 annealed at 980 °C, 
SnY10+P annealed at 590 °C, ZrY10+P annealed at 980 °C and CeY10+P annealed at 
380 °C. CeY10+P (annealed at 380 °C) and SnY10+P (annealed at 590 °C) showed two 
and one unknown peak, respectively. The presented diffractograms belong to the sample 
that showed the least amount of secondary phases and were later used for conductivity 
measurements (presented in Section 4.3.2).  
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Table 4.1. Crystal structures and space groups retrieved from X-ray diffraction 
measurements after annealing at different temperatures. The compound that had the 
highest intensity is the one mentioned first in each cell and compounds showing only 
a small contribution are written in a parenthesis. H = Hexagonal, C = Cubic, M = 
Monoclinic, O = Orthorhombic and T = Tetragonal unit cells.  
Material Annealing temperature 
 380 °C 590 °C 790 °C 980 °C 
Si0.9Y0.1(P2O7)1-δ 
SiY10 
SiP2O7 (H: P63,  
M: P21/n, C: Pa-3) 
+ residuals from  
as-synthesized 
SiP2O7 (H: P63,  
M: P21/n, C: Pa-3) 
+ residuals from  
as-synthesized 
SiP2O7 (H: P63, 
M: P21/n, C: Pa-3) 
SiP2O7 (H: P63,  
M: P21/n, C: Pa-3) 
Sn0.9Y0.1(P2O7)1-δ, 
SnY10+P 
SnP2O7 (C: Pa-3) 
SnO2 (T: 
P42/mnm)  
SnP2O7 (C: Pa-3) 
SnO2 (T: 
P42/mnm)  
SnP2O7 (C: Pa-3) 
SnO2 (T: 
P42/mnm)  
SnP2O7 (C: Pa-3) 
SnO2 (T: P42/mnm) 
Zr0.9Y0.1(P2O7)1-δ  
ZrY10+P 
ZrP2O7 (C: Pa-3) 
ZrO2 (M: P21/a) 
ZrO(PO4)2 (O: 
Cmca) 
ZrP2O7 (C: Pa-3) 
ZrO2 (M: P21/a)  
 
ZrP2O7 (C: Pa-3) 
ZrO2 (M: P21/a)  
 
ZrP2O7 (C: Pa-3) 
(ZrO2 (M: P21/a)) 
 
Ce0.9Y0.1(P2O7)1-δ,  
CeY10+P. 
CeP2O7 (C: Pa-3) 
(CeO2 (C: Fm-
3m)) 
CeP2O7 (C: Pa-3) 
Ce(PO3)4 (O: 
Pbcn) 
(CeO2 (C: Fm-
3m)) 
CeP2O7 (C: Pa-3) 
Ce(PO3)4 (O: 
Pbcn) 
(CeO2 (C: Fm-
3m)) 
Ce(PO3)3 (O: 
C2221) 
(CePO4 (M: P21/n)) 
 
 
 
Figure 4.1. X-ray diffractograms for CeY10+P (annealed at 380 °C), SnY10+P 
(annealed at 590 °C), ZrY10+P (annealed at 980 °C) and SiY10 (annealed at 980 
°C). The step size was 0.02 °. Open circles = respective MeP2O7, standing bars = 
respective metal oxide (MeO2), black squares = unknown peaks. 
4.3.1.2. Thermogravimetry and Mass spectrometry measurements 
Weight loss curves retrieved by thermogravimetric measurements, TGA, of SiY10, 
SnY10+P, ZrY10+P and CeY10+P are presented in Figure 4.2. Weight loss occurred in 
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several steps for all materials as also the temperature was increased in steps. All materials 
reached a stable plateau at 900 °C and no changes in weight were recorded during cooling 
of the samples. SiY10, SnY10+P and ZrY10+P showed similar trends in their weight loss 
curves. Namely, weight losses were observed at all temperature steps, but with different 
relative amounts. A difference in relative weight loss is expected due to their difference in 
molecular weight as well as their difference in hydrophilicity. SiY10, ZrY10+P, 
SnY10+P and to some extent CeY10+P absorbed water from the surrounding air when 
left outside the gas tight containers used for storage. CeY10+P showed two major weight 
losses in the TG-measurement; these occurred between 350 - 450 °C and 800 - 900 °C 
and corresponded to 2.8 and 6.4 wt% respectively. The total weight loss for CeY10+P 
relative to the starting mass was measured to be 10.9 wt% and 43.5, 26.2 and 11.2 wt% 
for SiY10, ZrY10+P and SnY10+P, respectively. 
Mass spectrometric measurements of the outlet gas flow from the TG measurement 
(presented in Figure 4.2) recorded water losses, molecular weight of 18.016 u, from all 
materials up to approximately 500 °C.  The large weight loss that occurred from 25 – 150 
°C (the initial 180 minutes of the experiment) was attributed to loss of water and used as a 
calibration for the MS. Weight losses occurring at temperatures above 150 °C could then 
be correlated to the results from the MS. Figure 4.3 presents a comparison between the 
measured weight loss (TG) and the H2O signal from the MS. Weight losses occurring up 
to 500 °C can be attributed to loss of water and weight losses at temperatures above 500 
°C is due to loss of other compounds.  
 
Figure 4.2. TGA measurements performed on the four different materials. Samples: 
a) CeY10+P (black), b) SnY10+P (red), c) ZrY10+P (blue) and d) SiY10 (green). 
Atmospheres: 1) Air, 2) CO2, 3) 9% H2 in N2, 4) N2 and 5) Air. Dotted line: 
temperature. 
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Figure 4.3. Total relative mass loss and losses associated with dehydration for 
CeY10+P, SnY10+P, ZrY10+P and SiY10. Closed markers = total relative weight 
loss at each temperature step and open markers = recorded relative mass loss of 
water at each temperature step.  
3.2 Electrical conductivity 
The conductivity was strongly dependent on the humidity for all four materials; Figure 
4.4 compares the conductivity in dry and wet gas (9 % H2 in N2). The conductivity 
increases 3-6 orders of magnitude when the surrounding atmosphere is changed from dry 
(pH2O < 0.001 atm) to wet (pH2O = 0.20 atm). Data presented in Figure 4.4 are not 
complete for SnY10+P (annealed at 590 °C) since this material was measured in a 
different test, and the data cannot be directly compared to the data for the other three 
materials, which were measured in the same experiment and under identical 
circumstances. SiY10 (annealed at 980 °C), ZrY10+P (annealed at 980 °C) and CeY10+P 
(annealed at 380 °C) all showed a conductivity maximum  around 190 °C when measured 
in 20 % H2O and 7 % H2 balanced with N2. Their conductivity maximum was 5 mS∙cm
-1
, 
1.2 mS∙cm-1 and 30 mS∙cm-1, respectively. 
Figure 4.4 also shows how the conductivity of SiY10, ZrY10+P and CeY10+P was 
changed during the first thermal cycle (100 - 300 - 100 °C) at pH2O = 0.20 atm, compare 
open (red) markers with the initial results performed at 105 °C. The thermal cycle was 24 
hours in total. The conductivity of SiY10 was increased by a factor of 14 during the first 
thermal cycle, while ZrY10+P showed the same conductivity and CeY10+P showed a 
minor decrease in conductivity. This test included a total of 6 thermal cycles (100 - 300 - 
100 °C), 3 humidity cycles (pH2O < 0.001 - 0.20 - < 0.001 atm) and several redox cycles 
(9 % H2 in N2, Air and N2). The conductivity for CeY10+P, SiY10 and ZrY10+P 
Chapter 4   Me0.9Y0.1(P2O7)1-δ 
52 
 
decreased by 1, 2 and 1 order of magnitude, respectively, comparing the initial with the 
final conductivities measured at 105 °C in 20 % H2O, 7 % H2 balanced with N2. 
 
Figure 4.4. Arrhenius plot showing the conductivity of SnY10+P (stars), CeY10+P 
(squares), SiY10 (circles) and ZrY10+P (triangles) at pH2O < 0.001 atm (open 
markers) and pH2O = 0.20 atm (black, first measurement cycle). Gas: 9 % H2 in N2. 
Open orange markers correspond to the measured conductivities when the 
temperature was decreased back to starting conditions (T = 105 °C, pH2O = 0.20 
atm).  
The pH2O and pO2 dependency for SnY10+P and CeY10+P was further examined. 
Figure 4.5 shows the dependency on pH2O, including pH2O values from- approximately 
0.001 atm up to 0.20 atm of steam in air. CeY10+P was seen to depend on the humidity 
following σ  pH2O
1.02 
while the pH2O dependency for SnY10+P follows σ  pH2O
0.69
. 
The conductivity dependence on pO2 was measured for CeY10+P and SnY10+P in three 
different partial pressures of oxygen, ranging from 10
-53
 (theoretically calculated pO2 for 
a 9 % H2 in N2 (pH2O = 0.001 atm)) to 0.21 atm, see Figure 4.6. The conductivity of 
SnY10+P changed from 1.4 to 2 and up to 12 µS∙cm-1 when the pO2 was changed from 
10
-53
 to 10
-4
 and further up to 0.21 atm for measurements carried out in dry gases (pH2O < 
0.001 atm). It should be noted that the true pO2 is certainly not as low as the theoretical 
value of 10
-53
 atm. Anyhow, a deviation from the theoretical value will not drastically 
affect the observed trends, shown in Figure 4.6. The corresponding values for CeY10+P 
are 12 to 11 and further up to 15.5 µS∙cm-1. No pO2 dependence was seen for SnY10 +P 
when measurements were performed in humidified gases, the conductivity was 1.5, 1.2 
and 1.3 mS∙cm-1 at the three gas mixtures after humidification to 0.20 atm of H2O.  
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Figure 4.5.  Conductivity of CeY10+P (squares) and SnY10+P (stars) as a function 
of pH2O. Measurements were performed in air (with different levels of humidity) at a 
temperature of 190 °C.  
 
Figure 4.6.  Conductivity of CeY10+P (squares) and SnY10+P (stars) as a function 
of pO2. Measurements were performed at 150 °C and with a pH2O < 0.001 atm.  (Be 
aware that the value of 10
-53
 is the theoretical value for 9 % H2 + N2 (pH2O = 0.001 
atm, and the true values is most likely several orders of magnitude higher) 
A long term conductivity test was performed for SnY10+P and ZrY10+P to study the 
long term stability under relevant conditions. The test was carried out at 155 ± 1 °C, the 
atmosphere was changed between < 0.001 atm H2O and 0.2 atm H2O in nitrogen, giving 
three hydration- dehydration cycles, see Figure 4.7. The conductivity of ZrY10+P could 
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only be measured at the higher humidity, and the conductivity was 0.03 - 0.04 mS∙cm-1at 
the start of all three hydration cycles (pH2O = 0.20 atm), but was decreasing with time in 
the second and third cycle. The conductivity was stabilized after a drop of 1 order of 
magnitude occurring in the third cycle (between 790- 1040 h from start). The conductivity 
of SnY10+P was stable for all three hydration cycles (pH2O = 0.20 atm), 0.18- 0.2 
mS∙cm-1, as well as under the long dehydration cycle carried out 340- 790 hours from 
start, where the conductivity was  4- 6 µS∙cm-1.  
 
Figure 4.7. Conductivity versus time for SnY10+P (squares) and ZrY10+P 
(triangles). The pH2O was alternated between < 0.001 atm and 0.20 atm in N2 and the 
temperature was kept at 155 °C. 
3.3 Post mortem phase analysis 
The crystal structure for each material was investigated after electrochemical testing and a 
detailed comparison of their crystal structures before and after these tests are presented in 
Table 4.2. Figure 4.8 presents post mortem X-ray diffractograms for SiY10 and CeY10+P 
after the performance test and for SnY10+P and ZrY10+P after the long term stability 
test. SiY10 showed a clear amorphous background as well as crystalline peaks from its 
pyrophosphate structures, but most peaks could not be indexed. No phase changes were 
observed for ZrY10+P and SnY10+P after the performance or the long term test, see 
Table 4.2 and Figure 4.8. CeY10+P showed a multiphase composition after the 
performance test, containing CePO4, Ce(PO3)4, CeP2O7 and a number of peaks not 
possible to index to any known compounds, see Table 4.2.  
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Table 4.2. Composition, crystal structures and space groups for each material 
retrieved from x-ray diffraction measurements before and after electrochemical 
testing. The compound that had the highest intensity is the one denoted as the first 
phase at each material and annealing temperature. H = Hexagonal, C = Cubic, M = 
Monoclinic and T = Tetragonal unit cells.  
Material Before test After performance test 
After long term 
stability test 
Si0.9Y0.1(P2O7)1-δ 
SiY10 
SiP2O7 (H: P63,  
M: P21/n, C: Pa-3) 
Amorphous background with residual  
pyrophosphate peaks and unidentified peaks 
Pt (C: Fm-3m) 
Not included in this test 
Sn0.9Y0.1(P2O7)1-δ, 
SnY10+P 
SnP2O7 (C: Pa-3) 
SnO2 (T: P42/mnm) 
SnP2O7 (C: Pa-3) 
SnO2 (P21/a) 
SnP2O7 (C: Pa-3) 
SnO2 (T: P42/mnm) 
Zr0.9Y0.1(P2O7)1-δ  
ZrY10+P 
ZrP2O7 (C: Pa-3) 
ZrO2 (M: P21/a) 
ZrP2O7 (C: Pa-3) 
ZrO2 (M: P21/a) 
ZrP2O7 (C: Pa-3) 
ZrO2 (M: P21/a) 
Ce0.9Y0.1(P2O7)1-δ,  
CeY10+P. 
CeP2O7 (C: Pa-3) 
CeO2 (C: Fm-3m) 
CePO4 (M:P21/n) 
Ce(PO3)4 (O: Pbcn) 
Ce(PO3)3 (O: C2221) 
+ unidentified peaks 
Not included in this test 
 
 
Figure 4.8. X-ray diffractograms for a) SIY10 after performance test, b) SnY10+P 
and c) ZrY10+P after long term test and d) CeY10+P are measured after the initial 
performance test.  
4.4.   DISCUSSION 
4.4.1 Thermal stability 
The crystal structure and phase purity was examined using PXRD on as-synthesized 
samples and samples annealed at different temperatures. SiY10 consisted of three crystal 
structures; hexagonal- , monoclinic-, and cubic SiP2O7, after annealing at 790 and 980 °C, 
see Table 4.1 and Figure 4.1. This is in good agreement with earlier results from Makart 
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[17] who also showed a three phase system of SiP2O7. Poojary et al. found that hexagonal 
SiP2O7 is stable up to temperature between 900- 1000 °C using high temperature PXRD. 
[18] The materials prepared in this study also exhibited a high thermal stability and all 
three crystal structures were stable up to the maximum treatment temperature (980 °C). 
Anyhow, the SiY10 sample was seen to decompose into an amorphous and a crystalline 
composite during the electrochemical test which was conducted at much lower 
temperatures than the ones used for annealing. Some crystalline peaks match the initial 
pyrophosphate compounds, but most peaks are unknown and it is not possible to index 
them with any relevant compound in the used database. Low temperature decomposition 
of SiP2O7 has not been reported elsewhere and the reason remains unclear. Matsui et al. 
[19,20] report X-ray diffractograms before and after heat treatment to 220 °C for a 
CsH2PO4:SiP2O7 composite electrolyte without any apparent decomposition of SiP2O7.  
Tin pyrophosphate synthesized with a P:Metal ratio of 2.6:1 and 3.1:1 contained 
similar amounts of residual SnO2 after annealing at 590 °C or above. SnP2O7 was found 
to be the main phase having a cubic crystal structure, Figure 4.1, just as reported by 
Gover et al. [21]. Lan et al. [13] reported a more complex crystal structure of Sc- doped 
SnP2O7, namely a 333 super lattice of either cubic or orthorhombic nature. Grover et 
al. reported SnP2O7 to be stable up to 950 °C, which was the highest temperature in their 
study. Lan et al. reported that Sc- doped SnP2O7 starts to form a secondary phase of 
ScPO4 when heated at 1100 °C or above. These results are in agreement with findings in 
this study where Sn0.9Y0.1P2O7-δ was stable at the maximum annealing temperature, 980 
°C. No phase change was observed for SnY10+P after either of the two conductivity tests. 
X-ray diffraction measurements of ZrY10 synthesized with a P:Metal ratio of 2.6:1 
showed more pronounced residual peaks of ZrO2 compared to ZrY10+P synthesized with 
higher P:Metal ratio (3.1:1). XRD measurements showed that the formed ZrP2O7 phase 
had a cubic structure, in good agreement with Teranishi et al. [22] who formed a cubic 
Zr1-xYxP2O7 by reacting yttria stabilized zirconia with phosphoric acid. Also, Nalini et al. 
[12] show cubic structures for both un-doped ZrP2O7 and ZrP2O7 doped with either 2 mol 
% of La, Sc or Y. Nalini reported that ZrP2O7 synthesized with a 2:1 stoichiometry of 
phosphor and zirconium was stable up 1100 °C after which it decomposes into Zr3(PO4)4 
and Zr2O(PO4)2 by loss of P2O5- groups when treated at higher temperatures. This study 
showed that ZrY10 and ZrY10+P were at least stable up to the maximum treatment 
temperature, i.e. 980 °C, see Table 4.1. ZrY10+P did not show any phase changes after 
any of the two conductivity tests, just like SnY10+P, see Table 4.2. 
 The Ce- pyrophosphates showed, just as the zirconium samples, a decrease in 
residual oxides when the P:Metal ratio was increased from 2.6:1 to 3.1:1. CeY10+P 
showed an almost single phase cubic structure, after annealing at 380 °C, see Figure 4.1. 
It is therefore fair to assume that addition of extra phosphoric acid makes it possible for 
the reaction to proceed towards full conversion of the starting oxides into pyrophosphate. 
Treatment at higher temperatures results in a partial decomposition into Ce(PO3)4 after 
treatment at 590 and 790 °C , see Reaction 4.1, and into Ce(PO3)3 and CePO4 after 
treatment at 980 °C. Several studies report that Ce- pyrophosphates decompose at 
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relatively low temperature. [4,11,23] These studies describe formation of the same 
decomposition products as in this study, but discrepancies are found in onset temperatures 
and decomposition mechanisms. The reason for the reported differences is probably 
related to differences in the synthesis procedure, P:Metal ratios used during synthesis and  
the thermal treatment history of the materials. CeY10+P showed an amorphous 
background and CePO4, Ce(PO3)4 and Ce(PO3)3 phases after the conductivity test. The 
reason for the decomposition of these materials is unknown but the amorphous 
background can be an effect of the samples hygroscopic nature, giving rise to absorption 
of H2O from the surrounding air. As mentioned above, CePO4 is a decomposition product 
of CeP2O7 that has been seen in several studies [11,24], including this. Nevertheless, 
decomposition of CeP2O7 has not been reported to occur at these low temperatures in 
previous studies.  
SiY10, SnY10+P and ZrY10+P all showed a hygroscopic nature when left in ambient 
air. This makes it fair to attribute the initial weight loss, seen in Figure 4.2, to evaporation 
of absorbed water. The loss of water occurring between 150- 500 °C can also be 
attributed to absorbed water as well as water formed by decomposition of excess 
phosphoric acid. Phosphoric acid is known to decompose, as the temperature exceeds 158 
°C, into H4P2O7, HPO3 and P2O5 all steps having H2O as the rest product. The weight loss 
occurring at temperatures above 500 °C is not related to loss of water and is therefore 
attributed to loss of phosphor oxides. The weight loss of CeY10+P occurring between 
300- 400 °C can be explained by Reaction 4.1.   
 
                                           (4.1) 
 
Reaction 4.1, is supported by the earlier discussed XRD results and would result in a total 
weight loss of 10.7 wt % if all pyrophosphate reacts with H3PO4 forming a tetra phosphite 
structure, but the stoichiometry of H3PO4 to metal (Ce + Y) used for the synthesis of 
CeY10+P allows for a maximum theoretical weight loss of 2.9 wt %. This correlates well 
with the measured weight loss of 2.8 wt%, see Figure 4.2. The Ce0.9Y0.1(PO3)3 and 
Ce0.9Y0.1PO4 that was found to be formed after annealing at temperatures above 790 °C, 
Table 4.1, can be formed by evaporation of phosphorous pentoxide, P2O5, from 
Ce0.9Y0.1(PO3)4 and Ce0.9Y0.1(PO3)3, respectively. More detailed results on the thermal 
stability and phase evolution of CeY10+P have been reported by Chatzichristodoulou et 
al. [25]. 
4.4.2 Electrical conductivity 
SiY10, ZrY10+P and CeY10+P reached conductivity values of 5, 1.2 and 30 mS∙cm-1 at 
190 °C in 20 % H2O and 7 % H2 balanced with nitrogen (Figure 4.4). All three samples 
exhibited a maximum conductivity at 190 °C when measured with a pH2O = 0.2 atm, this 
phenomenon is in good agreement with studies performed by Nagao et al. and Shirai et al. 
[3,26] Values reported in this study are well comparable with the best conductivities 
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reported in earlier studies using the same cations but with different or no dopants. Matsui 
et al. reported that un-doped SiP2O7 has a conductivity of a few mS∙cm
-1
 at 200 °C when 
measured in 30 % H2O and air [20]. ZrP2O7 compounds have been reported to have 
conductivities of approximately 1 mS∙cm-1 at 130 °C [26], and 15 mS∙cm-1 at 100-200 °C 
when the pyrophosphate is covered by a phosphor rich shell [27], but also lower values, 
in the order of 1 µS∙cm-1, have been reported. [28] Both Le et al. [11] and Sun et al. [4] 
have reported that the conductivity of CeP2O7 is in the same range as in this study. Nagao 
et al. have reported that In-doped SnP2O7 reaches a conductivity of 200 mS∙cm
-1
 at 200 
°C measured in air with 0.75 % H2O. [3] The conductivity for the SnY10+P tested in this 
study was more than two orders of magnitude lower than the values reported by Nagao et 
al. The large discrepancy of reported conductivities is most probably, as mentioned earlier 
in this discussion, due to differences in the synthesis method, phosphor content and 
thermal history of the samples.  
The conductivity of CeY10+P and SnY10+P was measured under several different 
humidities and it showed almost linear pH2O dependence, Figure 4.5. Many studies have 
shown that the pyrophosphates have a higher conductivity in humidified atmospheres, but 
only Nalini et al. have performed measurements in a wide range of pH2O. [12] That study 
presents pH2O dependencies of 1/3 which is significantly lower than values found in this 
study. One large difference in the studies is that Nalini et al. have prepared stoichiometric 
pyrophosphates while this study is performed on samples with an over-stoichiometry of 
phosphoric acid. Phosphoric acid is known to be hydrophilic and that might increase the 
sensitivity towards water partial pressure. The CeY10+P sample, sintered at 380 °C, 
shows a stronger pH2O dependency than SnY10+P, sintered at 590 °C. This result is in 
good agreement with the discussion that the phosphor content affects the pH2O 
dependency. The P:Metal ratio was most probably lower in SnY10+P than CeY10+P, due 
to their different thermal history. There are several reports showing that pyrophosphates 
tend to form a continuous phosphor rich phase at the surface of the pyrophosphate 
particles. [27,29] For example Park et al. [29] reported that tin pyrophosphate synthesized 
below 800 °C has an outer shell of a phosphor rich phase. Also, Shirai et al. [27] reported 
of a highly conducting shell for 0.9TiO2·0.05In2O3·1.3P2O5 samples sintered at 500 – 600 
°C. CeY10+P and SnY10+P were sintered at temperatures below 600 °C and it is 
therefore fair to believe that their relatively high conductivities originate from such a 
core-shell structure giving a high conducting phase in the grain boundaries. 
The conductivity of SnY10+P increased as the pO2 was increased in dry atmosphere, 
see Figure 4.6, but no conductivity dependence on pO2 was seen at high pH2O; this in 
turn indicates that the SnY10+P sample exhibited p-type conductivity at high partial 
pressures of oxygen. Also, Nagao et al. reported that the conductivity of SnP2O7 was 
dependent on pO2 and showed that the conductivity increased as pO2 was increased from 
0.1 to 1.0 atm for gases having a low pH2O (pH2O = 0.0008 atm). They also showed that 
the conductivity was independent of pO2 as the pH2O was increased to 0.12 atm. [3] 
These results are in good agreement with the results presented for SnY10+P in this study. 
CeY10+P did not exhibit the same clear increase in conductivity, but the small increase 
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that can be seen in Figure 4.6 can possibly indicate a small electronic contribution to its 
total conductivity. 
The conductivity of SnY10+P increased slightly in the first short humidity cycles but 
was then stable throughout the rest of the long term stability test, see Figure 4.7. ZrY10+P 
showed poor long term stability, the conductivity decreased one order of magnitude in the 
last high humidity cycle before it started to stabilize towards the end of the measurement. 
The reason for this decrease in conductivity is unclear, especially since the crystal 
structure was unchanged before and after the test (compare; Table 4.1 and Table 4.2 as 
well as Figure 4.1 and Figure 4.8).   
4.5.   CONCLUSIONS AND OUTLOOK  
The crystal structure and phase purity of Si0.9Y0.1(P2O7)1-δ, Sn0.9Y0.1(P2O7)1-δ, 
Zr0.9Y0.1(P2O7)1-δ and Ce0.9Y0.1(P2O7)1-δ have been investigated by varying the annealing 
temperature and the phosphor to metal ratio (P:Metal ratio of 2.6:1 and 3.1:1). SiY10 was 
found to be completely formed into three pyrophosphate structures after heat treatment at 
790 °C for 6 h, whereas SnY10, ZrY10 and CeY10 synthesized with a P:Metal ratio of 
2.6:1 showed residual starting chemicals (oxides) in the material regardless of the 
sintering temperature. The amount of residual oxides decreased for ZrY10+P and 
CeY10+P after addition of extra phosphoric acid, while it remained constant for the tin 
pyrophosphate. CeY10+P showed a lower thermal stability than the other three materials. 
Phases and stability data obtained in this study are in good agreement with what has been 
found in earlier studies. 
CeY10+P showed promising initial conductivities, but also poor phase stability 
which makes it hard at this point to evaluate possible applications and industrial relevance 
of the material. There is a need for long term conductivity studies in order to measure 
how the phase change affects its conductivity. SnY10+P is a material worth to investigate 
further. This since it exhibited stable conductivity, seen in an 1100 hours long 
conductivity test, relatively high conductivity (2 mS∙cm-1 at 150 °C) and high thermal 
stability. A drawback with SnY10+P was that p-type conductivity was induced when the 
surrounding atmosphere was oxidizing (i.e. air). The relatively high conductivity of 
SnY10 +P and CeY10+P was likely to originate from the formation of a phosphor rich 
phase in the grain boundaries. Si0.9Y0.1(P2O7)1-δ decomposed during conductivity 
measurements and Zr0.9Y0.1(P2O7)1-δ had a poor stability in terms of conductivity even 
though it kept the same crystal structure throughout the conductivity test. 
This study clearly shows that the thermal stability of pyrophosphates is largely 
affected by the host cations. This forms a requirement that the synthesis procedure and 
the annealing temperature of different pyrophosphates must be individually controlled 
with respect to the choice of host cation. The required differences in synthesis and heat 
treatment make it hard to evaluate how the choice of host cation influences the 
conductivity of pyrophosphates. 
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CHAPTER 5  
 
PHASE COMPOSITION AND LONG-TERM CONDUCTIVITY OF 
ACCEPTOR DOPED CE(PO3)4 AND CEP2O7 AND OF 
CEP2O7:KH2PO4 COMPOSITE a 
Chapter 4 presented results for four different Y- doped pyrophosphate materials, 
Ce0.9Y0.1(P2O7)-δ showed the highest conductivity but poor thermal stability. It was 
therefore decided that additional characterization of more electrolyte materials was 
needed. Three acceptor doped Ce- phosphates were prepared and characterized. Ce was 
used as this showed the highest conductivity in the previous study. The main aim with 
this study was to evaluate if any of the three materials were promising electrolyte 
materials for the cell concept presented in Chapter 2.  
ABSTRACT 
The thermal evolution of the phase composition of CeP2O7 and Ce(PO3)4 with 10 mol% Y 
and Gd doping, respectively, was examined by in-situ powder X-ray diffraction and 
thermogravimetry with in-line mass spectroscopy. The phase composition depends 
critically on the P to metal ratio, the annealing temperature and time. CeP2O7 and 
Ce(PO3)4 were completely decomposed to CePO4 following a 1100 h long conductivity 
test at 155 °C. The conductivity of 10 mol% Gd doped Ce(PO3)4 reaches a value of 
6.4∙10-2 S∙cm-1 at 150 °C under wet conditions (pH2O = 0.2 atm), which is the highest 
value ever reported for a Ce based phosphate. The conductivity of 10 mol% Y doped 
CeP2O7 was 1.9∙10
-2
 S∙cm-1 under the same conditions. Long term conductivity 
measurements are reported here for the first time and the effect of repeated hydration-
dehydration cycles on the conductivity is examined. Exsolution of PmOn and formation or 
increase of a highly hygroscopic amorphous secondary phase significantly affects the 
conducting properties. KH2PO4 was observed to re-crystallize and form amorphous 
potassium phosphate at temperatures above 100 °C in the CeY10+P:KH2PO4 composite 
resulting in  a  conductivity  value  of  2.6∙10-2 S∙cm-1 at 150 °C and  pH2O =  0.2  atm. 
 
a
 This chapter has been submitted to: Journal of the Electrochemical Society (2013-02-14): C. 
Chatzichristodoulou*, J. Hallinder, A. Lapina, P. Holtappels, and M. B. Mogensen. Title: Phase 
composition and long-term conductivity of acceptor doped Ce(PO3)4 and CeP2O7 and of CeP2O7-KH2PO4 
composite  
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5.1 INTRODUCTION 
Fuel cells, electrolyzers and other electrochemical devices operating at intermediate 
temperatures (ca. 200 °C) have several advantages compared to their low temperature (< 
100 °C) counterparts. These include improved electrode kinetics (enabling the use of non-
noble  metal  catalysts),  reduced  CO  poisoning,  easier  water  management,  as  well  as 
enabling the use/production of hydrocarbon fuels, i.e. methanol, ethanol and 
dimethylether. Intermediate temperature operation holds certain advantages also in 
comparison to high temperature operation (> 600 °C), such as reduced corrosion and 
reactivity/interdiffusion among components, minimized degradation due to catalyst 
coarsening, in addition to the potential for production of synthetic fuels. 
In order to materialize these potential advantages, intermediate temperature proton 
conducting electrolytes are required. The materials group of pyrophosphates, MP2O7 with 
M being a 4-valent cation, has attracted considerable attention during the last decade, 
since the discovery of high proton conductivity in SnP2O7 at intermediate temperatures 
[1]. The conductivity of MP2O7 at 200 °C and pH2O ≈ 0.001 atm shows an increasing 
tendency in the order Zr < Ge < Si < Ce < Ti < Sn [2--8]. Acceptor doping results in 
increased conductivity, that goes through a maximum at 5 mol% Al [9], 6 mol% Sc [10], 
9 mol% Ga [11], 10 mol% In [2] or Mg [12], and 20 mol% Sb [13]. 
Ionic transference numbers above 0.8 have been reported in most cases by 
concentration cell measurements [2,4,9,10], the deviation from unity being attributed 
either to leaks in the experimental setup or to electronic conductivity. Wang et al. [10] 
measured an ionic transference number of about 0.95 for Sn0.94Sc0.06P2O7 in wet H2 and 
showed that the protonic and oxide ionic part was 0.8 and 0.15, respectively. On the other 
hand, Nalini et al. [8] found negligible oxide ionic contribution in wet O2 for 2 mol% Y-
doped ZrP2O7. Therefore, aside from the general agreement that pyrophosphates are 
mainly ionic conductors, and predominantly protonic, the exact contribution of each 
charge carrier and its dependence on the O2 and H2O partial pressure remains unknown. 
Furthermore, despite the numerous publications dealing with the conductivity of 
pyrophosphates and polyphosphates, it is still disputed whether the proton conductivity is 
associated with point defects incorporated in the bulk of the materials or with the 
presence of amorphous secondary phases residing at the grain boundaries. A number of 
studies have shown that the transport properties of pyrophosphates are very sensitive to 
the synthesis method and thermal history of the samples [2,3,9,14,15], which affect the P 
content and the phase composition of the investigated powders. Nevertheless, a detailed 
examination of the phase and composition development with temperature, humidity and 
over extended time periods is often lacking, which may be the reason behind the large 
differences in the transport properties reported by different groups.  
A number of Ce-based phosphates are known to form and their transport properties 
have been investigated to some extent. CePO4, which can be substituted with up to 1-2 
mol% Sr, is known to be a mixed protonic-electronic conductor, with a proton 
conductivity of about 10
-5
 S∙cm-1 at 500 °C in 4.2 % H2O [16]. The p-type electronic 
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conductivity of Sr doped CePO4 has a value of about 10
-3
 S∙cm-1 under similar conditions 
[16]. The conductivity of CeP2O7 and Ce(PO3)4 doped with 1 mol% Gd has been 
investigated by Onoda et al. [17,18] in the temperature range 400 to 650 °C, yielding a 
value of about 10
-6
 S∙cm-1 at 400 °C in air with 4.2 % H2O. Significantly higher 
conductivity values were reported recently for un-doped and 10 mol% Mg doped CeP2O7, 
reaching a value of 4∙10-2 S∙cm-1 at 200 °C in air 11.4 % H2O [3,4]. 
In an effort to resolve this discrepancy, we have synthesized CeP2O7 and Ce(PO3)4 
with 10 mol% Y- or Gd- doping, and carefully investigated the thermal evolution of their 
phase composition by in-situ powder X-ray diffraction and thermogravimetry. The 
conductivity of well characterized powders has been measured at various temperatures, 
and steam and oxygen partial pressures. Long term conductivity measurements are 
reported here for the first time and the effect of repeated hydration-dehydration cycles on 
the conductivity is examined. A careful post-mortem analysis of the samples used for the 
conductivity measurements is also undertaken. 
5.2 EXPERIMENTAL 
5.2.1 Synthesis 
Ce0.9Y0.1(P2O7)1-δ (CeY10) was synthesized by mixing CeO2 (Aldrich; 99.9 %), Y2O3 
(Johnson Matthey; 99.9 %) and H3PO4 (85 % w/w; Aldrich) at molar ratios of Ce:Y = 9 
and P:(Ce+Y) = 2.6 in a glass crucible and heated on a hotplate held at 300 °C while 
stirring for 1-4 h until a high viscosity slurry was obtained. The slurry was dried 
overnight at 200 °C. The resulting powder was then distributed in alumina crucibles and 
calcined at 380, 600, 790 °C for 6 h and 980 °C for 12 h. The P:(Ce+Y) ratio was 
increased to 3.1 by mixing the as-synthesized CeY10 powder with additional H3PO4 
(CeY10+P). The resulting powder was calcined at 380, 600, 790 and 980 °C for 3 h. 
Ce0.9Gd0.1(PO3)4 (CeGd10) was synthesized by mixing 10 mol% Gd doped ceria (CGO; 
Rhodia) and H3PO4 (85 % w/w; Aldrich) at a P:(Ce+Gd) molar ratio of 5 and following 
the same procedure as described for CeY10. The resulting powder was then placed in an 
alumina crucible and heated at 350 and 400 °C for 12 h. A CeY10+P:KH2PO4 composite 
was synthesized by mixing CeY10+P, calcined at 380 °C, with KH2PO4 at a molar ratio 
of (Ce+Y):K = 4. 
Powder X-ray diffraction (XRD) was employed for phase composition determination. 
A Bruker D8 Advance diffractometer with Cu Kα radiation and a PSD LynxEye detector, 
equipped with an MRI high temperature stage, was used for the in-situ XRD experiments. 
Measurements were performed in the temperature range from room temperature to 700 °C 
in air, and in the 2θ range 10-80° with steps of ~ 0.02°. 
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5.2.2 Thermogravimetry 
Thermogravimetric (TG) analysis was performed using a Netzsch STA 409CD 
instrument, with an Omnistar GSD301 mass spectrometer connected at the gas outlet via 
tubing heated at 150 °C. The temperature was increased stepwise from room temperature 
to 100, 150, 200, 250, 300, 500, 700 and 900 °C in air at a ramp rate of 2 K/min. The 
atmosphere was changed from air to N2, CO2, 9 % H2 in N2, and back to air during a 5 h 
long hold at 150 °C. Approximately 100 mg of each powder was used for the 
measurements. 
5.2.3 Conductivity 
Disc shaped samples with a diameter of 10 mm were prepared for conductivity 
measurements by uniaxial pressing of the synthesized powders at a pressure of ~ 5 MPa. 
Commercially available PEM catalyst coated backing electrodes from IRD A/S with 0.56 
mg Pt/cm
2 
were used. The conductivity was determined by electrochemical impedance 
spectroscopy (EIS) using a Solartron 1260 frequency response analyzer. The 
measurements were carried out with a 20 mV amplitude AC signal over a frequency 
range of 1 Hz to 1 MHz with 10 points per decade. 
5.3 RESULTS 
5.3.1 Phase composition 
5.3.1.1 CeY10 
The phase composition of the as synthesized CeY10 powder, and after calcination at 380 
and 790 °C for 6 h and 980 °C for 12 h in air was determined by XRD. As can be seen in 
Figure 5.1, it consists mainly of CeP2O7 (cubic, Pa-3) and CeO2 (cubic, Fm-3m) phases, 
which indicates that the reaction between CeO2, Y2O3 and H3PO4 is not completed. All 
Ce containing phases are assumed doped with Y (for CeY10 and CeY10+P) or Gd (for 
CeGd10) even though this is not explicitly stated or indicated in the chemical formulas. 
After calcination at 380 °C the amount of CeO2 is significantly reduced, and CeP2O7 is 
now the main phase. Upon calcination at 790 °C new phases appear, whereas the amount 
of CeO2 does not decrease further. CeP2O7 remains the main phase at 790 °C, but 
presence of Ce(PO3)4 (orthorhombic, Pbcn) is clearly observed in the XRD pattern. A 
small amount of Ce(PO3)3 (orthorhombic, C2221) is also identified. Ce(PO3)3 becomes 
the main phase after calcination at 980 °C, with CePO4 (monoclinic P21/n) appearing as 
the secondary phase. CeP2O7, Ce(PO3)4 or CeO2 are completely absent. 
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Figure 5.1. XRD patterns of CeY10 powder (P:(Ce+Y) = 2.6) as synthesized and 
calcined at 380 and 790°C for 6h and at 980 °C for 12h in air.  
In order to investigate the influence of P:(Ce+Y) ratio in the development of the 
phase composition with calcination temperature, the as synthesized CeY10 powder was 
mixed with additional H3PO4 (85 % w/w), reaching a nominal P:(Ce+Y) ratio of 3.1. The 
XRD patterns of the CeY10+P powder calcined at 380, 600, 790 and 980 °C in air for 3h 
are shown in Figure 5.2. It can be seen that the CeY10+P powder calcined at 380 °C 
contains a smaller amount of CeO2, as compared to the CeY10 powder calcined at the 
same temperature, and is almost single phase CeP2O7. Calcination at 600 °C results in a 
two phase mixture of CeP2O7 and Ce(PO3)4. There is almost no change after calcination 
at 790 °C. The CeY10+P powder calcined at 790 °C contains a larger amount of Ce(PO3)4 
than the CeY10 powder. After calcination at 980 °C the CeY10+P powder is almost 
single phase Ce(PO3)3, containing only a minor amount of CePO4.  
In-situ XRD was employed in order to determine the temperatures of the observed 
phase transitions in the Ce-Y-P-O system. XRD patterns of CeY10 powder were recorded 
in the temperature range 300 to 700 °C in steps of 50 °C. The in-situ XRD patterns 
obtained at 350, 500 and 700 °C are presented in Figure 5.3. CeP2O7 and un-reacted CeO2 
are the only phases observed up to 350 °C. Ce(PO3)4 appears at 400 °C and its amount 
increases gradually up to 500 °C. No further change in phase composition is observed 
until the temperature of 700 °C, where a small amount of CePO4 is also detected. 
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Figure 5.2. XRD patterns of CeY10+P powder (P:(Ce+Y) = 3.1) calcined at 380, 
600, 790 and 980 °C in air for 3h. 
 
Figure 5.3. In-situ XRD patterns of CeY10 powder recorded at 350, 500 and 700 °C 
in air. 
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The phase development with temperature can be associated with the following 
reaction scheme (5.1 – 5.3): 
 
                              (T ≥ 400 
o
C) (5.1) 
                         
 
 
    (T > 700 
o
C) (5.2) 
                      (T > 700 
o
C) (5.3) 
 
The formation of Ce(PO3)4 can also take place according to Reaction 5.4: 
 
                          (5.4) 
 
which doesn’t require the presence of excess H3PO4. Since the amount of CeO2 was 
found to decrease or to remain approximately constant upon increasing calcination 
temperature, we can conclude that Ce(PO3)4 forms according to Reaction 5.1. Excess 
H3PO4 is expected in both CeY10 and CeY10+P, either due to incomplete reaction 
between CeO2+Y2O3 and H3PO4, or due to the addition of excess H3PO4 during synthesis. 
 
5.3.1.2 CeGd10 
The XRD patterns of the CeGd10 powder calcined at 350 and 400 °C in air for 12h are 
shown in Figure 5.4. Regardless of the calcination temperature Ce(PO3)4 is found as the 
main phase. Some additional peaks of low intensity were observed in both cases, but 
could not be identified with any of the known phases in the system. It is worth noting that 
in the system Ce-Y-P-O, Ce(PO3)4 was also formed after calcination at or above 400 °C, 
but CeP2O7 was the main phase even after calcination at 790 °C. The reason for this is 
most probably associated with the higher P content of the CeGd10 powder as compared to 
that of the Ce-Y-P-O powders. 
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Figure 5.4. XRD patterns of CeGd10 powder calcined at 350 and 400 °C in air for 
12h. 
5.3.1.2 CeY10+P:KH2PO4 composite 
The temperature dependence of the CeY10+P:KH2PO4 composite was investigated by in-
situ XRD in the temperature range 100-250 °C in steps of 25 °C. XRD patterns obtained 
in-situ at 25, 100, 150 and 200 °C are shown in Figure 5.5. The relative intensity of the 
KH2PO4 (200) reflection (tetragonal, I-42d) decreases with increasing temperature, and is 
completely absent above 200 °C. On the other hand, the intensity of the (112) reflection 
increases upon heating to 100 °C, decreases upon further heating, and disappears above 
200 °C. This indicates that re-crystallization of KH2PO4 takes place upon heating to 100 
°C.  
KH2PO4 has a melting point of 250 °C. Therefore the disappearance of the KH2PO4 
diffraction peaks is not associated with melting. It has been proposed that amorphous 
KH5(PO4)2 forms in SiP2O7:KH2PO4 composites upon heating above ca. 200 °C [19]. Our 
findings indicate that amorphous potassium phosphate forms also in the 
CeY10+P:KH2PO4 system, but its composition (KH2PO4, KH5(PO4)2 or other) remains 
unknown. The formation of the amorphous phase takes place at 150-200 °C in the 
CeY10+P:KH2PO4 system. Crystalline KH2PO4 or KH5(PO4)2 was not observed upon 
cooling to 25 °C at the end of the experiment. 
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Figure 5.5. In-situ XRD patterns of CeY10+P:KH2PO4 composite recorded at 25, 
100, 150 and 200 °C in air. 
5.3.2 Thermogravimetry 
The mass loss upon heating CeGd10, CeY10+P and CeY10+P:KH2PO4 to 100, 150, 200, 
250, 300, 500, 700 and 900 °C in dry air was determined by thermogravimetry. As can be 
seen in Figure 5.6, the mass of CeY10+P remains almost constant up to 300 °C. On the 
other hand, the weight of CeY10+P:KH2PO4 and CeGd10 is reduced in a stepwise 
manner up to 300 °C. The atmosphere was changed from air to N2, CO2, 9 % H2 in N2, 
and back to air during the 5 h long hold at 150 °C, but this did not result in any significant 
weight change. The amount of H2O released upon heating the samples was quantified by 
in-line Mass Spectroscopy. As shown in Figure 5.7, the entire mass loss from the samples 
up to 300 °C is associated with the release of H2O.  
All three compositions lose a significant amount of mass upon heating above 300 °C, 
reaching a constant value at the isothermal step at 700 °C. From the quantification of the 
released H2O, it is seen that compositions CeY10+P and CeY10+P:KH2PO4 only lose 
H2O up to 700 °C. This is in line with the XRD results and the proposed Reaction 5.1 
taking place in the temperature range 350-700 °C. For CeGd10 the amount of released 
H2O is significantly less than the total mass loss. The additional mass loss must then be 
associated with loss of phosphorous oxide. Further mass loss is observed for all 
compositions upon heating to 900 °C, associated with loss of phosphorous oxide, in 
accordance with Reaction 5.2 and 5.3. 
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Figure 5.6. Mass of CeGd10, CeY10+P and CeY10+P:KH2PO4 relative to their 
original mass m0 and corresponding temperature profile. 
 
Figure 5.7. Total mass loss and mass loss associated with dehydration of CeGd10, 
CeY10+P and CeY10+P:KH2PO4 relative to their original mass m0, at each 
temperature step. 
5.3.3 Conductivity 
The conductivity of CeGd10, CeY10+P and CeY10+P:KH2PO4 and its dependence on 
pH2O at 100, 150, and 190 °C is shown in Figure 5.8 a-c. The relaxation of the 
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conductivity upon changing the pH2O or pO2 of the atmosphere is plotted as a function of 
time, in order to i) provide a rough estimate of the time constant of the relaxations, ii) 
give an idea of the degree of equilibration, and iii) allow for a comparison of the 
conductivity achieved under identical conditions after a hydration-dehydration cycle 
and/or a reduction-oxidation cycle. The CeGd10 powder used for the conductivity 
measurements had Ce(PO3)4 as the only crystalline phase, as determined by XRD. On the 
other hand CeY10+P was calcined at 380 °C for 3 h and consisted of CeP2O7 as the main 
crystalline phase and a small amount of CeO2. 
As can be seen in Figure 5.8 a-c the conductivity of all three samples depends 
drastically on pH2O. At 100 °C (Figure 5.8 a) it increases by several orders of magnitude 
when shifting from dry air to air with pH2O = 0.1 atm, reaching 7∙10
-3, 1.8∙10-4 and 5∙10-3 
S∙cm-1 for CeGd10, CeY10+P and CeY10+P:KH2PO4, respectively. It should be noted 
that by dry air we refer to air that has not been humidified, and corresponds to a pH2O of 
less than 10
-3
 atm. Further increasing the humidity to pH2O = 0.2 atm results in only a 
minor increase in conductivity. After changing the atmosphere to dry air, the conductivity 
of CeGd10 and CeY10+P decreases by about two orders of magnitude, and that of 
CeY10+P:KH2PO4 by three orders of magnitude. It is observed though that the 
conductivity under dry conditions is improved by several orders of magnitude, compared 
to the starting value, after one hydration cycle at 100 °C for all three samples. 
The conductivity of all samples increases drastically when shifting from dry to wet 
air at 150 °C (Figure 5.8 b), similar to the situation at 100 °C. The pO2 dependence is 
rather weak between air and 9 % H2 in N2, both under wet and dry conditions. At pH2O = 
0.2 atm and [H2]/[H2O] = 0.36, the conductivity reaches values of 6.4∙10
-2, 1.9∙10-2 and 
2.6∙10-2 S∙cm-1 for CeGd10, CeY10+P and CeY10+P:KH2PO4, respectively. The 
conductivity values obtained in dry air at 150 °C following the hydration-dehydration and 
reduction-oxidation cycles are again higher than the original values by about 1 order of 
magnitude. 
A stepwise increase in conductivity is observed at 190 °C in air following the 
stepwise increase in pH2O (Figure 5.8 c). A significant conductivity increase is found for 
CeY10+P when shifting from pH2O = 0.1 atm to pH2O = 0.2 atm, which was not 
observed at 100 °C (Figure 5.8 a). The conductivity of CeGd10, CeY10+P and 
CeY10+P:KH2PO4 reaches values of 3.6∙10
-2, 7.8∙10-3 and 2.4∙10-2 S∙cm-1, respectively, at 
190 °C in air with pH2O = 0.2 atm. Upon shifting to dry air, the conductivity of CeY10+P 
remains quite high, 1.3∙10-3 S∙cm-1, about 2 orders of magnitude higher than its value 
prior to the hydration-dehydration cycle. On the other hand, the conductivity of CeGd10 
and CeY10+P:KH2PO4 decreases by about 2 orders of magnitude and becomes lower than 
the respective starting value, which is different from the behavior of the samples at 100 
and 150 °C. 
Chapter 5   Cerium Phosphates 
73 
 
 
Figure 5.8. Conductivity of CeGd10, CeY10+P and CeY10+P:KH2PO4 as a function 
of time under varying pH2O at a) 100, b) 150 and c) 190 °C. 
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The temperature dependence of the conductivity of CeGd10, CeY10+P and 
CeY10+P:KH2PO4 under wet (pH2O = 0.2 atm) and dry (pH2O < 10
-3
 atm) conditions is 
shown in Figure5.9. The conductivity of all samples seems to pass through a broad 
maximum at around 150 °C under wet conditions. CeGd10 and CeY10+P:KH2PO4 follow 
a similar behavior under dry conditions. CeY10+P on the other hand shows a monotonic 
increase in conductivity with increasing temperature under dry conditions. It should be 
noted that the conductivity under dry conditions used in Figure 5.9 corresponds to the 
value measured at the end of the hydration-dehydration cycle in each case. 
 
Figure 5.9. Temperature dependence of the conductivity of CeGd10, CeY10+P and 
CeY10+P:KH2PO4 under dry (pH2O < 10
-3
 atm) and wet (pH2O = 0.2 atm) 
conditions. 
In order to better understand the pH2O dependence of the conductivity and to 
establish the long term development of the conductivity, a prolonged conductivity 
measurement was undertaken for CeGd10 and CeY10+P at 155 °C in N2 under repeated 
hydration-dehydration cycles, shown in Figure 5.10. Pronounced pH2O dependence is 
again observed for both samples. The conductivity of CeGd10 is about half an order of 
magnitude lower than what was measured in the experiment presented in Figure 5.8. This 
may be due to inhomogeneities in the synthesized powder or due to degradation of the 
stored powder over time, although the powder was found to be single phase Ce(PO3)4 by 
XRD. The response of CeGd10 towards hydration is relatively fast compared to its 
response towards dehydration which is surprisingly slow, lasting over 450 h. The 
magnitude of the relaxation time for dehydration indicates that the phase composition and 
microstructure may be changing during the relaxation under dry conditions. This will be 
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further discussed in the following subsection where a post-mortem XRD analysis is 
presented. It is interesting to note that the relaxation time for hydration becomes smaller 
after every hydration-dehydration cycle. At the end of the second hydration (320 h after 
start) the conductivity of CeGd10 is 20 % lower than that after the first hydration (190 h 
after start). When the sample is hydrated for a third time (820 h after start), a similar 
conductivity is achieved as during the second hydration, and it remains stable under wet 
conditions for a period of about 100 h. Pronounced decrease in conductivity, amounting 
to 50 %, is observed during the last 100 h of the measurement though that takes place 
under wet conditions. 
The conductivity of CeY10+P is also significantly lower, by about 1 order of magnitude, 
than what was measured in the experiment presented in Figure 5.8, although no phase 
change was witnessed by XRD. The response of CeY10+P towards hydration and 
dehydration is similarly fast. Although a sluggish decrease in conductivity is observed to 
take place during the second dehydration of the sample, its value remains almost one 
order of magnitude higher than that at the end of the first dehydration. A similar 
improvement is observed in the conductivity of CeY10+P measured during the final 
hydration as compared to that obtained in the first hydration. Finally, as was the case for 
CeGd10, the conductivity of CeY10+P is also found to decrease during the last 100 h of 
the last hydration. Nevertheless, its conductivity value at the end of the experiment 
remains more than 150 % improved compared to its value at the first or second hydration. 
 
Figure 5.10. Long term conductivity of CeGd10 and CeY10+P at 155 °C in N2 under 
repeated hydration-dehydration cycles. 
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5.3.4 Post mortem analysis 
The phase composition of CeY10+P and CeGd10 samples after the long term 
conductivity measurement presented in Figure 5.10 was examined by XRD. Before 
testing, CeY10+P consisted primarily of CeP2O7 along with a small amount of CeO2, and 
CeGd10 was pure phase Ce(PO3)4. As can be seen in Figure 5.11, both samples consist 
mainly of CePO4 at the end of the long term conductivity experiment. No additional 
phases can be detected by XRD, but traces of secondary phases hidden in the background 
noise of the CeGd10 XRD cannot be excluded. The high noise to signal ratio of the XRD 
pattern of CeGd10 is associated with a very large background signal that was subtracted 
for reasons of clarity, and most probably related to the presence of an amorphous 
secondary phase.  
CeY10+P and particularly CeGd10 are very hygroscopic after the long term 
conductivity measurement and form a paste by absorbing steam from the atmosphere. The 
transformation of CeP2O7 and Ce(PO3)4 to CePO4 is expected to be accompanied by the 
formation of PmOn, which absorbs water to form an aqueous solution. Indeed, mixing the 
samples with water and stirring yielded very acidic solutions, confirming the formation of 
an aqueous solution of H3PO4. 
 
Figure 5.11. XRD patterns of CeY10+P and CeGd10 samples recorded after the long 
term conductivity measurement presented in Figure 5.10. 
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5.4 DISCUSSION 
5.4.1 Phase stability 
The phase composition in the Ce-Y-P-O and Ce-Gd-P-O systems was examined at 
various P:(Ce+Y) or P:(Ce+Gd) ratios and temperatures with ex-situ and in-situ XRD, 
and by thermogravimetry combined with in-line mass spectroscopy. For P:(Ce+Y) ratios 
of 2.6 to 3.1, CeP2O7 was the main phase forming up to 790 °C, whereas Ce(PO3)4 was 
the only phase found up to 400 °C for a P:(Ce+Gd) ratio of 5. For P:(Ce+Y) ratios of 2.6 
to 3.1, CeP2O7 was found to react partly with excess H3PO4 forming Ce(PO3)4 at 
temperatures above 400 °C. The amount of Ce(PO3)4 was found to increase with 
increasing temperature up to 500 °C, whereas above 700 °C Ce(PO3)4 was found to 
decompose to Ce(PO3)3 and CePO4. According to Sun et al. [4], CeP2O7 transforms to 
Ce(PO3)4 at 455 °C according to Reaction 5.4. In this study, Ce(PO3)4 was found to form 
already at 400 °C, but following Reaction 5.1, which may explain the lower temperature 
of formation found in this case. Onoda et al. [18] also reported decomposition of CeP2O7 
to Ce(PO3)3 and CePO4 above 825 °C, in agreement with our findings.  
Le et al. [3] reported formation of Ce(PO3)3 at 450 °C, as well as traces of Ce(PO3)4 
and CePO4. The amount of Ce(PO3)3 increased upon heating to 750 °C, and became the 
main phase at 900 °C with CePO4 as a secondary phase, at which temperature the starting 
CeP2O7 phase was completely decomposed. White et al. [20] studied the thermal 
decomposition of Ce(HPO4)2∙xH2O, which was found to transform to CeP2O7 within the 
temperature rage 300-600 °C, and consequently to Ce(PO3)3 and CePO4 upon annealing 
at temperatures above 725 °C. These findings are in line with our observation that 
Ce(PO3)3 and CePO4 form at temperatures above 700 °C. In our study though, and in the 
work of Sun et al. [4], CeP2O7 was found to transform to Ce(PO3)4 first, which was not 
observed by Le et al. [3], by White et al. [20] or by Onoda et al. [18]. The reason for this 
discrepancy and for the scatter in reported phase transition temperatures is not clear, but it 
is most probably related to varying P content of the starting powders, annealing times and 
heating rates, as well as varying rates of P loss during thermal annealing due to varying 
gas flow rates, amount of starting powder, humidity and means of protecting the powder 
from P loss. 
 Tsuhako et al. [21] investigated the dependence of the P:Ce ratio on the phase 
composition at different temperatures. At temperatures below 500 °C, CeP2O7 was the 
main phase for P:Ce  = 1 - 4, whereas Ce(PO3)4 was the main phase for P:Ce > 4 and the 
sole phase for P:Ce = 6 - 8. At 700 °C, CePO4, CeP2O7, Ce(PO3)4, and CeP5O14 were the 
compounds predominantly formed at P:Ce  ratios of about 1, 2, 2 - 6, and above 10, 
respectively. Tsuhako et al. [21] also observed formation of Ce(PO3)3 at a temperature of 
800 °C or higher. These findings are in line with our work presented here. Matsui et al. 
[22] examined the thermal decomposition of amorphous Ce phosphate with P:Ce ratio of 
1.5. They reported formation of primarily CeP2O7 at 500 °C, which transformed to CePO4 
upon heating to 900 °C, in agreement with the findings by Tsuhako et al. [21]. 
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Drastic phase changes were observed in 10 mol% Y doped CeP2O7 and 10 mol% Gd 
doped Ce(PO3)4 following long term annealing at 155 °C under varying pH2O. CePO4 
was the only crystalline phase present in either sample after ca. 1100 h of annealing. The 
samples were very hydrophilic and formed a thick paste after being exposed to the 
humidity of the atmosphere at ambient temperature, indicating the presence of an 
amorphous P rich secondary phase. Therefore the phase transition from CeP2O7 or 
Ce(PO3)4 to CePO4 does not seem to be driven by the loss of P. 
5.4.2 Conductivity 
The conductivity of 10 mol% Gd doped Ce(PO3)4 (CeGd10) was found to reach a value 
of 6.4∙10-2 S∙cm-1 at 150 °C under wet conditions (pH2O = 0.2 atm). This is the highest 
value ever reported for a Ce based phosphate, followed by a value of about 2∙10-2 S∙cm-1 
for un-doped CeP2O7 under similar conditions [3], which coincides with the conductivity 
of 10 mol% Y doped CeP2O7 (CeY10+P) measured in this work. A similar value of about 
1∙10-2 S∙cm-1 has been reported by Sun et al. [4] for un-doped CeP2O7 in air with 3.2 % 
H2O. The conductivity of CeGd10 is 2-3 times lower than that of 10 mol% In doped 
SnP2O7 [2], the best conducting pyrophosphate reported up to date to the best of our 
knowledge. 
The conductivity of all samples investigated here shows strong pH2O dependence. 
For CeGd10 and CeY10+P:KH2PO4 it passes through a broad maximum at around 150 °C 
under wet (pH2O = 0.2 atm) or dry (pH2O < 10
-3
 atm) conditions. This is attributed to the 
thermally activated mobility of the protons combined with a decreasing concentration of 
charge carriers with increasing temperature (thermally induced dehydration). 
CeY10+P on the other hand passes through a maximum under wet conditions, but 
shows a monotonic increase in conductivity with increasing temperature under dry 
conditions. This is most probably associated with a phase change from CeP2O7 to CePO4, 
accompanied by the release of PmOn and an increase in conductivity, as evidenced by the 
post mortem analysis of the long term conductivity samples. This may also be the reason 
for the increased conductivity under dry conditions generally observed after a hydration-
dehydration cycle.  
Furthermore, it is worth noting that the conductivities of CeGd10 and CeY10+P 
acquire very similar values, both under dry and wet conditions, after about 600 h of 
measurement at 155 °C. This is not surprising, since towards the end of the experiment 
both samples consist of CePO4 and an amorphous hygroscopic phase, presumably 
hydrated PmOn, according to the post mortem analysis. CePO4 is known to possess a 
conductivity of less than 10
-6
 S∙cm-1 in pO2 = 0.01 atm at 155 °C, and to be rather 
insensitive on pH2O [16]. This is very different from the behavior of the CeGd10 and 
CeY10+P samples, the transport properties of which must therefore be attributed to the 
amorphous hygroscopic phase that is distributed among the CePO4 particles. 
The conductivity of both CeGd10 and CeY10+P decreases during the last 100 h of 
the long term measurement, taking place in pH2O = 0.2 atm. The reason for this is most 
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probably related to gradual loss of PmOn due to evaporation or slow rearrangement of the 
glassy phase within the samples. The conductivity of CeGd10 during the first hydration of 
the long term experiment has its highest value, despite the fact that PmOn exsolves from 
Ce(PO3)4 and therefore the fraction of the highly conducting amorphous phase at the 
grain boundaries increases. This indicates that 10 mol% Gd doped Ce(PO3)4 may indeed 
possess high proton conductivity. Onoda et al. [17] has reported a value of about 10
-6
 
S∙cm-1 at 400 °C in air with 4.2 % H2O for the conductivity of Ce(PO3)4 doped with 1 
mol% Gd, but this large difference may be associated with the higher calcination 
temperature used by Onoda et al. [17], the higher measuring temperature, lower pH2O, 
and lower degree of doping. The presence of excess PmOn at the grain boundaries of our 
sample and its potential influence on the measured conductivity cannot be excluded 
though. 
Excess PmOn at the grain boundaries has been suggested by various groups [14,23--
26] to be the reason behind the high proton conductivities reported for some 
pyrophosphates, as this could explain the many orders of magnitude difference in 
conductivity determined for nominally similar compositions. There is consensus as to the 
fact that the calcination and sintering temperatures can significantly affect the transport 
properties due to loss of P [2,3,9,14,15]. Two studies that have attempted to vary and 
quantify the metal to P ratio by X-ray fluorescence (XRF) [2,9], suggested that P 
deficiency can seriously harm the conductivity, whereas P excess has a small influence. 
For accurate quantification of the XRF signal though, appropriate calibration standards 
are necessary in order to account for interactions of the X-rays with the matrix. The 
details of the quantification procedure were not disclosed in any of these studies, and 
therefore this conclusion is ambiguous. In fact, it has been shown that the addition of only 
0.7 mol% excess H3PO4 can increase the conductivity of Al(H2PO4)3 by three orders of 
magnitude [27]. This level of precision cannot be achieved by XRF even if it is most 
optimally calibrated.  
Chen et al. [28] did not observe a change in the conductivity of 10 mol% In doped 
SnP2O7 after washing the material with water, which should help remove excess PmOn. It 
is doubtful though whether simple washing can safely be assumed to remove a thin P 
containing glassy layer if this is well adhered on the grain surface. Another argument 
favoring the bulk origin of the high conductivity in pyrophosphates is based on the 
different conductivity value measured in cubic, layered and amorphous SnP2O7 [2]. These 
samples were synthesized following different procedures and thermal treatments though, 
which is known to critically affect performance. In fact much larger differences in 
conductivity have been reported for pyrophosphates having the same nominal 
composition and crystal structure. 
TEM visualization of a SnP2O7 powder, prepared by co-precipitation and calcined at 
a temperature as high as 800 °C, revealed crystalline phosphate particles fully covered 
with a continuous amorphous shell film [29]. Since powders that show high conductivity 
are sintered at temperatures below 800 °C, it is reasonable to expect that they also possess 
a similar amorphous shell. Combining this critical review of the literature with the 
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experimental results presented here, it is concluded that the high conductivity that is 
sometimes observed in pyrophosphates is most probably associated with the formation of 
a core-shell structure, with a highly conducting P rich glassy shell. Furthermore, our long 
term conductivity results indicate that PmOn tends to exsolve from the structure of 10 
mol% Y doped CeP2O7 or 10 mol% Gd doped Ce(PO3)4, further enriching the PmOn shell 
or forming the shell in the case that this was not present originally.  
The conductivity of the CeY10+P:KH2PO4 composite follows a very similar behavior 
as that reported for SiP2O7:KH2PO4 [19] and shows very similar conductivity values, 
reaching 2.6∙10-2 S∙cm-1 at 150 °C in air with 20 % H2O. The high conductivity is 
associated with the re-crystallization of KH2PO4 and formation of amorphous potassium 
phosphate at temperatures above 100 °C. Crystalline KH2PO4 or KH5(PO4)2 was not 
observed upon cooling to 25 °C at the end of the experiment, as was also the case in the 
SiP2O7:KH2PO4 system [19].  
5.5 CONCLUSIONS 
The phase composition in the Ce-Y-P-O and Ce-Gd-P-O systems was investigated upon 
varying calcination temperature and P:(Ce+Y) or P:(Ce+Gd) ratio by ex-situ and in-situ 
powder X-ray diffraction and thermogravimetry equipped with in-line mass spectroscopy. 
The phase composition depends critically on the P to metal ratio, the annealing 
temperature and time. For P:(Ce+Y) ratios of 2.6 to 3.1, CeP2O7 was the main phase 
forming up to 790 °C, whereas Ce(PO3)4 was the only phase found up to 400 °C for a 
P:(Ce+Gd) ratio of 5. For P:(Ce+Y) ratios of 2.6 to 3.1, CeP2O7 reacts partly with excess 
H3PO4 forming Ce(PO3)4 at temperatures above 400 °C. The amount of Ce(PO3)4 
increases with increasing temperature up to 500 °C, whereas above 790 °C Ce(PO3)4 
decomposes to Ce(PO3)3 and CePO4. CeP2O7 and Ce(PO3)4 doped with 10 mol% Y and 
Gd, respectively, were completely decomposed to CePO4 following 1100 h of annealing 
at 155 °C.  
The conductivity of 10 mol% Y doped CeP2O7 and 10 mol% Gd doped Ce(PO3)4 
depends drastically on pH2O but is rather insensitive on pO2. A value of 6.4∙10
-2
 S∙cm-1 is 
achieved by 10 mol% Gd doped Ce(PO3)4 at 150 °C and pH2O = 0.2 atm, which is the 
highest value ever reported for a Ce based phosphate. Under the same conditions, 10 
mol% Y doped CeP2O7 reaches a value of 1.9∙10
-2
 S∙cm-1. The conductivity of both 
samples passes through a broad maximum at around 150 °C. This behavior is indicative 
of thermally activated proton mobility along with thermally induced dehydration. 
The long term stability of the conductivity was examined here for the first time on 
pyrophosphates and polyphosphates and the effect of repeated hydration-dehydration 
cycles was examined.  Although both 10 mol% Y doped CeP2O7 and 10 mol% Gd doped 
Ce(PO3)4 were completely decomposed to CePO4 after 1100 h at 155 °C, their 
conductivities were not drastically modified. In fact, the conductivity of 10 mol% Y 
doped CeP2O7 after 1100 h at 155 °C was 3 times higher than that during its first 
hydration, whereas that of 10 mol% Gd doped Ce(PO3)4 was about 3 times lower. Both 
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samples show pronounced decrease in conductivity during the last 100 h of the 
measurement under wet conditions though, setting forward the need for more prolonged 
measurements under a humid atmosphere. It was concluded that exsolution of PmOn, that 
takes place along with the phase transformation to CePO4, and formation or enrichment of 
a highly hygroscopic amorphous secondary phase significantly affects the conductivity of 
the samples.  
The phase composition and conductivity of a 10 mol% Y doped CeP2O7:KH2PO4 
composite was investigated up to 200 °C. KH2PO4 was found to re-crystallize and to form 
amorphous potassium phosphate at temperatures above 100 °C, resulting in a conductivity 
value of 2.6∙10-2 S∙cm-1 at 150 °C and pH2O = 0.2 atm. This behavior is very similar to 
what has been reported for SiP2O7:KH2PO4 [19]. 
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CHAPTER 6 
 
ELECTRICAL CONDUCTIVITY OF Y-DOPED TIP2O7 
BETWEEN 100 - 400 °C: EFFECT OF SINTERING 
TEMPERATURE AND PHOSPHOR CONTENT a 
Chapter 4 and 5 presented results for a number of phosphor based electrolyte materials, 
all acceptor doped with Y or Gd. Although several exhibited conductivities above 10 
mS∙cm-1, none of the highly conducting compositions exhibited a sufficient stability with 
respect to crystal structure and/or conductivity. Therefore, it was decided that additional 
characterization of more electrolyte materials was needed to better understand which 
factors influence the properties of this type of materials. The main aim with this study 
was to evaluate if Y-doped TiP2O7 was suitable as an electrolyte material for the cell 
concept presented in Chapter 2.  
ABSTRACT 
Y-doped TiP2O7 was synthesized and sintered at different temperatures between 370 and 
960 °C. Yttrium doping was limited by the low solubility of yttrium in TiP2O7. The 
conductivity was studied systematically as a function of sintering temperature, pH2O, pO2 
and temperature (100-400 °C). Loss of phosphorus upon sintering above 580-600 °C was 
confirmed by Energy Dispersive Spectroscopy (EDS) combined with thermogravimetry 
(TG) and mass spectrometry. The conductivity decreased with increasing sintering 
temperature and decreased phosphorus content. The highest conductivity was 5.310-4 
Scm-1 at 140 °C in wet air (pH2O = 0.22 atm) after sintering at 370 °C. The conductivity 
was higher in wet atmospheres than in dry atmospheres. The proton conduction 
mechanism was discussed and the conductivity was attributed to an amorphous secondary 
phase that apparently consisted mainly of phosphoric acid in the grain boundaries, 
associated with the presence of excess phosphorus in the samples. A contribution to the 
conductivity by point defects in the bulk may explain the conductivity trend in dry air and 
the difference in conductivity between oxidizing and reducing atmospheres at 300-390 
°C. Slow loss of phosphorus by evaporation over time and changes in the distribution of 
the amorphous phase during testing were suggested as causes of conductivity degradation 
above 220 °C. 
a
 This chapter is to be submitted to: Solid State Ionics in April 2013: A. Lapina*, C. Chatzichristodoulou, J. 
Hallinder, P. Holtappels, and M. B. Mogensen., Title: Electrical conductivity of Y-doped TiP2O7 between 
100-400 °C: effect of sintering temperature and phosphor content. 
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6.1 INTRODUCTION 
Fuel cells and electrolyzers operated at intermediate temperature (200-400 °C) present a 
number of potential advantages compared to polymer electrolyte membranes fuel cells 
(PEMFC), operated below 200 °C. The higher temperature improves the electrode 
kinetics, allows using non-noble metals as catalysts and increases the tolerance to CO [1]. 
At the same time, the temperature is low enough to avoid many of the issues affecting 
solid oxide fuel cells (operated above 600 °C), such as catalyst degradation by 
coarsening, interfacial reactions among components, interconnect oxidation and thermal 
expansion mismatches [2,3]. 
One of the main obstacles toward the development of intermediate temperature fuel 
cells is the so-called “Norby’s gap” [4], i.e. the absence of well-established proton 
conducting electrolytes with a conductivity above 10
-2
 Scm-1 in the temperature range 
200-400 °C. 
The pyrophosphate class of materials (MeP2O7, with Me being a tetravalent cation) 
has drawn interest since a publication by Hibino et al. [5] reported proton conductivities 
up to 4.7 10
-2
 Scm-1 for SnP2O7 at 250 °C in un-humidified air. The conductivity in un-
humidified air was dependent on the choice of the cation and increased in the order Zr < 
Ge < Si < Ce < Ti < Sn [5,6]. Acceptor doping further increased the conductivity up to 
0.2 Scm-1 for Sn0.9In0.1P2O7
 
at 200 
o
C in un-humidified air (pH2O = 0.0075 atm). 
However, the conduction mechanism in this class of materials is not clear and 
conductivities reported in the literature often differ by orders of magnitude: a number of 
reports have shown that the transport properties are heavily influenced by the synthesis 
route and the thermal history of the samples [5,7-9]. 
Two conduction mechanisms have been suggested so far for the proton conductivity 
of pyrophosphates: point defects in the bulk of the material [6,10-12] and amorphous, 
conducting secondary phases at the grain boundaries [9,13-15]. According to the first 
mechanism [5,6,10,11] the proton conductivity is due to bulk conduction and protons are 
incorporated in the material.  The second mechanism, proposed by Shirai et al. [9,14], 
suggests instead a core-shell  type electrolyte, consisting of non-conductive 
pyrophosphate particles (the “core”) covered with a highly conductive amorphous layer 
containing phosphate ions (the “shell”). 
TiP2O7 has, according to Nagao et al. [5], the second highest conductivity among un-
doped pyrophosphates, reaching a value of 4.610-2 Scm-1 at 250 °C in un-humidified air 
(pH2O = 0.0075 atm). Similarly high conductivities for TiP2O7 have been reported by 
other authors [9,14,15] using other synthesis routes and high phosphorus to metal ratios. 
The conductivity appears to decrease with increasing sintering temperature [9,14]. Nalini 
et al. [11,12] synthesized TiP2O7 (un-doped or Al, Sc, Fe doped) with the same route as 
Nagao et al. [5], and examined its conductivity at 500-900 °C after sintering at 1000 °C. 
They reported much lower conductivities for un-doped TiP2O7, i.e. circa 1.510
-5
 Scm-1 
and 2.510-6 Scm-1 at 500 °C in dry and wet oxygen respectively. A clear H/D isotope 
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effect proved that the conductivity was mainly protonic, and acceptor doping was 
reported to have a negligible effect on conductivity.   
The differences in synthesis techniques and heat treatments among the different 
studies make a direct comparison among them difficult: in particular the only works 
where the effect of sintering temperature on the conductivity [9,14] were studied using 
synthesis routes different from the most common one for this class of materials 
[5,6,10,11]. 
In order to help clarify the conductivity mechanism in TiP2O7, the material was 
synthesized, using yttrium as a dopant. The material was sintered at different 
temperatures. The conductivity was studied systematically as a function of sintering 
temperature, pH2O, pO2 and testing temperature (100-400 °C), and correlated to the 
amount of phosphorus present in the samples (estimated by EDS and TG with the support 
of mass spectrometry).  
6.2 EXPERIMENTAL 
6.2.1 Synthesis procedure 
TiO2 powders (Sigma Aldrich; 99.8 %) and Y2O3 (Johnson Matthey; 99.90 %) were 
separately ball milled to reduce agglomeration and then mixed in a beaker according to 
the ratio Ti:Y = 0.9:0.1. Phosphoric acid (85 % H3PO4 in H2O w/w, Sigma Aldrich) was 
added to get a P:(Ti+Y) molar ratio = 2.6, which has been reported to be optimal to obtain 
phase-pure material using this synthesis route [8]. The mixture was stirred on a hot plate 
(set temperature = 300 °C) until a high viscosity paste was formed. The paste was dried in 
an oven at 200 °C for two days and manually ground to obtain powders. 
As synthesized powders were used to produce pellets (with a diameter of 8 mm and a 
thickness of 1-1.2 mm) by uniaxial pressing (300 MPa), which were then sintered at 370, 
600, 650, 970 °C ( ca. 2 °C) for 3 hours in alumina crucibles covered with an alumina 
cap. The alumina cap was used to minimize the loss of phosphorus [8]. The sintered 
samples are from now on referred to as Ti370, Ti600, Ti650 and TiY970 respectively. 
The as synthesized material is referred to as Ti_as_synth. 
6.2.2 Characterization 
XRD measurements were performed in air, using a Bruker D8 X-Ray Diffractometer 
(Bruker-Siemens, Germany),  Cu Kα radiation, with acceleration voltage 40 kV and a 
filament current of 40 mA. SEM imaging and EDS analysis were performed with a TM-
3000 microscope (Hitachi, Japan) equipped with Bruker EDS detector, 15 kV was used as 
accelerating voltage. The relative density of the materials was estimated from the mass 
and geometrical dimensions of the pellets, using 3.052 g/cm
3
 as theoretical density [16]. 
Thermogravimetry (TG) was carried out using a Netzsch STA 409CD instrument, 
with an Omnistar GSD301 mass spectrometer connected at the gas outlet via a tube 
heated to 150 °C. The temperature was increased stepwise from room temperature to 100, 
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150, 200, 250, 300, 500, 700 and 900 °C in air with a heating rate of 2 K/min. The 
atmosphere was switched from air to N2, CO2, 9 % H2 in N2, and back to air during a 5 h 
long hold at 150 °C.  
6.2.3 Conductivity 
Commercially available PEM CCB (catalyst coated backing) electrodes from IRD A/S 
with 0.56 mg Pt cm
-2
 were used as electrodes on both faces of the pellets. The material 
was tested by two-point impedance spectroscopy using a Solartron 1260 (Solartron 
Analytical, UK). The applied signal had an amplitude of 50 mV and impedance spectra 
were recorded in a frequency range 1 MHz - 1Hz.  
During testing the material was exposed to a constant flux of gas (air, 9% H2 - 91% 
N2), either dry (gases from the gas system, estimated pH2O < 0.001 atm) or humidified 
(pH2O = 0.038 or 0.22 atm). A humidity cycle was carried out at each temperature 
investigated. The gas was humidified by bubbling through a water bottle at controlled 
temperature prior to entering the experimental setup. 
6.3 RESULTS 
6.3.1 Characterization 
XRD patterns in Figure 6.1 show the phase evolution of the material with increased 
sintering temperature. TiP2O7 phase (cubic, Pa-3) was present in the as-synthesized 
material and after sintering at all temperatures. The peaks of the TiP2O7 phase were 
duplicated in Ti_as_synth and Ti370, suggesting the presence of at least two crystal 
structures with slightly different unit cell dimensions. After sintering above 600 °C only 
one set of TiP2O7 peaks was visible in the patterns. 
Ti_as_synth contained a detectable amount of YH2P3O10 (orthorhombic) and other 
second phases which could not be indexed. After sintering at 370 °C, Ti370 contained 
only TiP2O7 and YH2P3O10. After sintering at 600 °C or higher temperature were TiP2O7 
and Y(PO3)3 (monoclinic, C) detected instead. 
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Figure 6.1. XRD patterns of as synthesized and sintered samples. The number in the 
labels name indicates the sintering temperature.  
The XRD patterns of the sintered samples after electrochemical testing are presented 
in Figure 6.2. A single set of TiP2O7 peaks was visible for all the samples, and YH2P3O10 
was the only detectable secondary phase. Platinum peaks were due to platinum 
nanoparticles (contained in the electrodes) left on the material after testing. 
 
Figure 6.2. XRD patterns of sintered pellets, after electrochemical testing. The 
number in the labels name indicates the sintering temperature.  
The relative density of the material before testing, estimated by the geometrical 
dimensions and mass of the pellets, was in the 55-65 % range for all the samples.  
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Figure 6.3 shows a polished cross section of a SEM micrograph of Ti370. The 
element distribution was studied by EDS analysis and confirmed the presence of yttrium-
rich regions (i.e. the bright regions in the micrographs, where Y:(Ti+Y) = 0.3  0.1), 
which according to the XRD measurements can be  assigned to YH2P3O10 or Y(PO3)3 
depending on the sintering temperature. The Y:(Ti+Y) ratio in the rest of the material 
(0.03  0.01) was below the one for nominal doping (i.e. 0.1, corresponding to 10 mol %) 
for all the samples. Accurate quantification of yttrium in the low concentrations of Y was 
problematic because of the overlapping between phosphorus and yttrium peaks in the 
EDS spectra. 
The P:(Ti+Y) ratio was higher in the Y-rich areas than in the rest of the material 
(Figure 6.4): this trend reflects the difference in P:Metal ratio between YH2P3O10 or 
Y(PO3)3 (P:Y = 3) and TiP2O7 (P:Ti = 2). 
 
 
Figure 6.3. SEM micrograph of a polished cross section of Ti370. Notice the 
presence of the YH2P3O10 and of the phosphorus rich-region. Cracks are due 
to sample preparation. 
The P:(Ti+Y) ratio decreased with increasing sintering temperature, showing that 
phosphorus was lost during sintering of the material. The significant uncertainty in the 
determined ratio values was due to the inhomogeneity of the materials. 
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Figure 6.4. P:(Ti+Y) ratios for Y- rich and Y- poor areas in as-synthesized material 
and  pellets sintered at different temperatures.  
The TG measurement reported in Figure 6.5 shows a mass loss of 11.4 wt % upon 
heating in air from room temperature to 900 °C. The material exhibited a mass loss of 1.5 
wt % up to 100 °C, and the total mass loss at 300°C was 2.87 wt %. The amount of water 
released when the samples were heated beyond 200 °C was estimated by in-line mass 
spectrometry. Under the assumption that all the mass loss taking place below 150 °C was 
due to loss of water, the mass loss taking place between 300 °C and 900 °C was shown to 
be due to loss of both water and phosphorus oxide (Figure 6.6). 
 
Figure 6.5. Mass relative to original mass m0 and temperature profile for TG 
measurement. 
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Figure 6.6. Total mass loss (mtot) and mass loss associated with dehydration 
(mH2O) relative to the original mass m0, at each temperature step. 
 
6.3.2 Conductivity 
The conductivity of all the materials increased upon switching from dry to wet 
atmosphere at 140 °C, as shown in Figure 6.7. The conductivity of Ti370, Ti600 and 
Ti650 increased 1 - 3 orders of magnitude in less than 10 hours when the atmosphere was 
changed from dry air to air with pH2O = 0.038 atm, reaching 3.210
-5
, 1.810-5 and 1.310-
5
 Scm-1 respectively. The conductivity of Ti970 (510-9 Scm-1) was instead almost 
unaffected by exposure to air with pH2O = 0.038 atm. A further increase of the pH2O to 
0.22 atm improved the conductivity of all the materials: after about 60 hours of exposure 
to air or H2/N2 with pH2O = 0.22 atm the conductivity of Ti970 increased by three orders 
of magnitude (310-5 Scm-1) and became only slightly lower than that of Ti600 and Ti650 
(510-5 and 3.810-5 Scm-1), which increased only 2-3 times. The highest conductivity 
measured in this study was 5.310-4 Scm-1 for Ti370 at 140 °C in air with pH2O = 0.22 
atm. Upon switching back to dry air, the conductivity decreased by 1-2 orders of 
magnitude. Nevertheless, it was still 1-2 orders of magnitude higher than it was in dry air 
prior to the humidity cycling. The conductivity for the different samples always followed 
this trend: Ti370 > Ti600 > Ti650 > Ti970. 
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Figure 6.7. Conductivity of Ti370, Ti600C, Ti650, Ti970 as a function of time at 140 
°C in air and H2/N2 under varying pH2O.  
The increase in conductivity upon exposure to wet atmosphere was less pronounced 
at 220 °C than at 140 °C (compare Figures 6.7 and 6.8). All the samples, including Ti970, 
showed the same behavior upon changes of pH2O. The conductivity decreased over time 
for all the materials, in particular at high pH2O where it decreased by ca. one order of 
magnitude within 60 hours in air or H2/N2 with pH2O = 0.22 atm, from 5.310
-5
 to 7.510-6 
Scm-1 for Ti370.  
In both Figures 6.7 and 6.8 the conductivity increased suddenly upon switching from 
air to H2/N2 with pH2O = 0.038 atm (at 64 and 206 hours after start respectively). This 
was due to the formation of water by the reaction of oxygen and hydrogen in the two gas 
mixtures: pH2O was thus higher than 0.038 atm right after the switch. This was a 
transitory effect and as is shown in Figures 6.7 and 6.8, the conductivity in H2/N2 
decreased over time and reached a value close to the one before the atmosphere switch. 
At 140 °C and 220 °C the conductivity in wet atmosphere (pH2O = 0.038 or 0.22 atm) 
was approximately the same both in oxidizing (air) and reducing (H2/N2) atmosphere. 
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Figure 6.8. Conductivity of Ti370, Ti600C, Ti650, Ti970 as a function of time at 220 
°C in different atmospheres and at different humidity. 
 
Figure 6.9. Conductivity in dry air as a function of temperature, measured after the 
hydration/dehydration cycle at each temperature (see Figures 6.7 and 6.8), and 
conductivity extrapolated from data by Nalini et al. [11] for TiP2O7 in dry O2. 
 
Chapter 6   Y- doped TiP2O7 
93 
 
 
The conductivity in dry air (after the humidity cycle at each temperature) is presented 
in Figure 6.9, together with conductivity values extrapolated from the data recorded at 
500-1000 °C by Nalini et al. [11] for un-doped TiP2O7 in dry O2. The conductivity 
increased with an increasing temperature in the range 220-390 °C. The values were 
similar for Ti600, Ti650 and Ti970, while Ti370 showed a higher conductivity. 
Conductivity values at 140 °C were 1-2 orders of magnitude higher than at 220-390 °C 
for all the samples. 
Figures 6.10 and 6.11 provide an overview of the trends in conductivity for each 
sample in wet atmosphere (pH2O = 0.038 or 0.22 atm), both oxidizing (air) and reducing 
(H2/N2).  
The conductivity in wet air decreased with an increasing temperature for all the 
samples: the increase in conductivity with increasing pH2O was more important at 140-
220 °C than at 220-390 °C, as can be seen comparing Figure 6.10a and Figure 6.11a. The 
conductivity values for Ti600, Ti650 and Ti970 were similar for all the conditions except 
at 140 °C with pH2O = 0.038 atm. 
The conductivity did not change when switching from air to H2/N2 with the same 
pH2O (see Figures 6.7 and 6.8) at 140 °C and 220 °C, while at 280-390 °C the 
conductivity in wet H2/N2 was higher than in wet air. 
 
 
Figure 6.10. Conductivity as a function of temperature in: (a) air, pH2O = 0.038 atm, 
(b) H2/N2, pH2O = 0.038 atm.  
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Figure 6.11. Conductivity as a function of temperature in: (a) air, pH2O = 0.22 atm, 
(b) H2/N2, pH2O = 0.22 atm.  
6.4 DISCUSSION 
6.4.1 Composition and phase relations 
The thermal dehydration and decomposition of phosphoric acid (H3PO4) has been studied 
by various authors [17-19]. Upon heating at 200-300 °C H3PO4 dehydrates and is 
gradually converted into pyrophosphoric acid (H4P2O7), metaphosphoric acid ((HPO3)n) 
or polyphosphoric acid (Hn+2PnO3n+1) [17,18]. Huang et al. [19] reported that 85 wt % 
H3PO4 steadily lost mass due to dehydration upon heating at 400-500 °C. The phosphoric 
acid decompose to form P2O5, that sublimates above 300 °C [18] and vaporizes at about 
580-600 °C [18,19]. 
Based on this evidence, it was assumed that only water was lost below 150 °C in the 
TG measurement (Figure 6.5Figure 6.5). The 1.5 wt % lost below 100 °C was due to the 
loss of absorbed water, and then the phosphoric acid dehydrated above 200 °C. Mass 
spectrometry measurements confirmed that other species than water were lost at 600 °C 
and above: therefore the 8.5 wt % loss between 300 °C and 900 °C was attributed to both 
dehydration of pyro-, meta- and poli-phosphoric acids and loss of P2O5 from excess 
phosphorus. 
XRD and EDS measurements (Figures 6.1 and 6.4) indicated that most of the yttrium 
in the material was not incorporated in the TiP2O7 structure, but was rather present as 
YH2P3O10 (in Ti_as_synth and Ti370) or Y(PO3)3  (Ti600, Ti650, Ti970). The 
concentration of yttrium outside the yttrium-rich areas was low (Y:(Ti+Y) = 0.03 ± 0.01) 
and did not change with increased sintering temperature, suggesting this was due to low 
solubility of yttrium in TiP2O7 and not due to diffusion limitations. 
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Upon sintering above 600 °C (Figure 6.1Figure 6.1) YH2P3O10 dehydrates to form 
Y(PO3)3 according to reaction 6.1: 
 
                    (6.1) 
 
During testing in humid atmosphere, the opposite reaction took place and YH2P3O10 was 
formed in all the samples (Figure 6.2). 
The P:(Ti+Y) ratio estimated by EDS on Ti_as_synth (1.9  0.17 for the Y-poor 
areas) was much lower than the ratio of 2.6 that was used in the synthesis. This is 
apparently in disagreement with the previously discussed literature reports and our 
findings, which indicated no significant phosphorus loss below 300 °C [17-19]. However, 
it must be pointed out that the accuracy of the absolute values of the P:(Ti+Y) ratio 
determined by EDS may be compromised due to the absence of reference calibration 
materials. The XRD measurements showed that TiP2O7 phase was present in all the 
materials after sintering, therefore a P:(Ti+Y) ratio of at least 2 should be expected in 
order for the material to keep this structure.  
The trend of values in Figure 6.4 represents a decrease in phosphorus content with 
increasing sintering temperature, while the absolute value of the stoichiometry may suffer 
from a systematic error. 
The TiP2O7 structure has a cubic unit cell in space group Pa 3  and is according to 
Norberg et al. [16] built up by TiO6 octahedra and PO4 tetrahedra that share corners in a 
3D network. The duplication of peaks in Ti_as_synth and Ti372 suggested the presence 
of at least two TiP2O7 structures with slightly different cell dimension, which could be 
due to local differences in phosphorus content within the samples. The secondary phases 
detected in Ti_as_synth (Figure 6.1) that could not be indexed were probably related to 
the presence of excess phosphoric acid. EDS measurements (Figure 6.4) confirmed that 
the phosphorus content in Ti_as_synth was higher than in the sintered samples. 
The peak duplication was removed after sintering at 600 °C, suggesting that only one 
structure was present. The material kept the same crystal structure upon sintering at 600, 
650 and 970 °C (Figure 6.1), but as stated before, the phosphorus content decreased 
(Figure 6.4): it suggests that all the mass losses recorded in the TG measurement should 
be attributed to loss of water and phosphorus from the excess phosphoric acid. This can 
be supported by Harrison and Hummel [20], who reported that samples prepared with a 
P:Ti ratio of 4 lost P2O5 upon heating above 500 °C and had a stoichiometric composition 
(TiP2O7) after being heated at 1000-1200 °C. Decomposition of the TiP2O7 structure itself 
takes place beyond the sintering temperature range used in this study. In fact, above 1150 
°C according to Bamberger and Begun [21] and above 1400 °C according to Harrison and 
Hummel [20]. 
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Therefore it is suggested that while all the samples had the same crystal structure 
(TiP2O7 plus YH2P3O10) during the test, the amount of excess phosphorus decreased with 
increasing sintering temperature. 
6.4.2 Conductivity 
The conductivity increased dramatically upon exposure to wet atmosphere at all 
temperatures and it decreased with an increasing sintering temperature (Ti370 > Ti600 > 
Ti650 > Ti970). The phosphorus content in the material decreased as well with increasing 
temperature, as found by EDS measurements (Figure 6.4) and further supported by TG 
and mass spectrometry measurements (Figures 6.5 and 6.6). This suggests that decreased 
phosphorus content causes a decrease in conductivity.  
The amount of phosphorus has been reported to be of paramount importance for both 
the proton conduction mechanisms suggested in the literature (point defects in the bulk of 
the material [5,6,10-12] and amorphous secondary phases at the grain boundaries [9,13-
15]. Nagao et al. [5] reported a decrease in conductivity of two orders of magnitude 
because of a 15 % phosphorus deficiency in Sn0.9In0.1P2O7 and attributed it to distortion 
and disorder induced into the crystal structure by the phosphorus deficiency. Shirai et al. 
[14] and Nalini et al. [11] stated instead that sintering at high temperatures decreases the 
conductivity by removing the excess phosphoric acid from the grain boundaries. 
As discussed in Section 6.4.1, heat treatment in dry air up to 300 °C caused the 
excess phosphoric acid in the material to dehydrate forming other compounds, such as 
H4P2O7, (HPO3)n, Hn+2PnO3n+1 and P2O5. It is here suggested that the conductivity 
increased when testing in wet atmosphere because such compounds rehydrated forming a 
more conducting phase at the grain boundaries, probably H3PO4, for example according 
to  reaction 6.2: 
 
                       (6.2) 
 
Ti370 contained more excess phosphoric acid than samples sintered at 600 °C or above 
(where P2O5 vaporization starts [18,19]), thus it was expected to absorb the most water 
from the atmosphere and possess the largest volume fraction of fast proton conducting 
phase at the grain boundaries.  
The sample sintered at 970 °C, i.e. Ti970, contained less excess phosphorus 
compared to samples sintered at lower temperature. During the initial stage of the test 
(between 20 and 160 hours in Figure  6.7) the conductivity of the material slowly 
increased over time, in wet atmosphere, and it became comparable with Ti650 and Ti970 
after ca. 40 hours at pH2O = 0.22 atm (Figure 6.7). It is here suggested that the 
amorphous phase formed at the grain boundaries was mobile and thus its distribution 
might have changed over time. The conducting phase had to reach a certain degree of 
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percolation for the conductivity to be significantly increased from the value in dry 
atmosphere. It is here suggested that a higher degree of reorganization of the conducting 
phase was necessary for Ti970 compared to the other samples, since it contained a 
smaller volume fraction of the fast proton conducting phase. 
The presence of yttrium hydrogen phosphate phase was not responsible for the 
different conductivity of the samples. In fact, as shown in Figure 6.2, YH2P3O10 was 
present in all the samples after testing, most likely formed upon exposure to wet 
atmosphere. Moreover, Figure 6.3 showed that because of its small volume fraction, it did 
not form a percolating network that could contribute to the overall conductivity. 
While the conductivity in humid atmosphere at 140 °C increased or stayed constant 
over time, all the materials experienced a significant decrease in conductivity at 220 °C, 
in particular at high humidity. This decrease could be due to microstructural changes in 
the material, such as redistribution of the fast proton conducting phase over time. 
Moreover, it is here suggested that this could also be due to evaporation of phosphorus 
(from H3PO4) over time. Small losses of phosphorus occur at 120-180 °C in high 
temperature PEM fuel cells [22] and the fraction of phosphorus in the vapor above highly 
concentrated phosphoric acids increases steeply with temperature in the 200-400 °C range 
[23]. This process may be of limited importance during fast heat treatments in stationary 
atmosphere (such as the sintering) but relevant in the conditions of a prolonged 
conductivity test (circa 500 hours in flowing gas). Loss of phosphorus in wet atmosphere 
was recently presented as a possible cause of degradation for In-doped SnP2O7 [24]. 
The conductivity decreased with increasing temperature for all samples when tested 
in wet atmosphere. At higher temperature the charge carriers have higher mobility, but 
their concentration is expected to decrease because of thermally induced dehydration. 
Additionally, the degradation processes suggested can occur more rapidly at higher 
temperatures. The fraction of phosphorus in the vapor increased with temperature, 
therefore a bigger loss was expected. If the fast conducting phase was H3PO4 then its 
viscosity should have decreased at higher temperature, accelerating redistribution 
processes. 
This trend with temperature suggests that the conduction mechanism in wet 
atmosphere was mainly due to a highly conducting phase at the grain boundaries of the 
material, since conduction by point defects in the bulk is expected to be a thermally 
activated process.  
In dry atmosphere the conductivity for Ti600, Ti650 and Ti970 increased with the 
temperature in the 220-390 °C range (Figure 6.9) and its values were similar to what was 
obtained by extrapolation of the conductivity data, presented by Nalini et al. [11], to 
lower temperature for un-doped TiP2O7 (sintered at 1000 °C) in dry O2. Thus it is possible 
that a contribution from a bulk conducting process was present, but it was overshadowed 
by the grain boundary mechanism in wet atmosphere at 140-220 °C. A bulk conduction 
process could also account for the different pO2 dependence of the conductivity at 140-
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220 °C and 300-390 °C. At 140-220 °C the conductivity in wet atmosphere did not 
change between air and H2/N2 (see Figures 6.7 and 6.8), while at 300-390 °C the 
conductivity increased 2-8 times upon the switch from air to H2/N2. This behavior could 
be due to an electronic contribution to the conductivity, not visible at lower temperature 
because the grain boundary conduction of protons was dominating. 
6.5 CONCLUSIONS 
TiP2O7 was synthesized and sintered at different temperatures. Yttrium doping was 
limited by the low solubility of yttrium in TiP2O7. TG and EDS measurements confirmed 
the loss of phosphorus upon sintering at temperatures above 580-600 °C and this was 
correlated with the trend in proton conductivity of the samples.  
The highest conductivity measured in this study was 5.310-4 Scm-1 at 140 °C in wet 
air (pH2O = 0.22 atm), for a sample sintered at 370 °C. The conductivity was heavily 
dependent on pH2O and decreased with increasing temperature in wet atmosphere. The 
conductivity at 140-220 °C was attributed to amorphous secondary phases at the grain 
boundaries, associated with the presence of excess phosphorus in the samples. The 
contribution to conduction by point defects in the bulk became apparent in dry air at 300-
390 °C and can account for the difference in conductivity between oxidizing and reducing 
atmospheres under these conditions. The lower conductivity of samples sintered at 600 °C 
or above was due to lower excess phosphorus content. Loss of phosphorus due to 
evaporation and changes in the distribution of the amorphous phase over time ware 
suggested as causes of conductivity degradation above 220 °C. 
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CHAPTER 7  
 
SOLID ACID BASED ELECTROLYTE MATERIALS a 
As all materials evaluated in Chapters 4 – 6 were found to either exhibit conductivities 
lower than the target (10 mS∙cm-1) or to be unstable at relevant operating conditions (T = 
200 - 300 ºC and high humidities), it was thereby clear that more electrolyte materials had 
to be evaluated. Several solid acids have shown promising conductivities in earlier studies 
(see Figure 2.2). The main aim of this chapter is to present and discuss results obtained 
for three phosphor based materials (CsH2PO4, BaHPO4 and a composite thereof) and 
from the obtained results evaluate if any of the materials are suitable as an electrolyte 
material for electrochemical cells operating at 200 - 300 ºC in CO2 containing 
atmosphere.  
Abstract 
Solid acids are a class of materials that have caught large attention in the last decade. 
Especially CsH2PO4 is considered as a promising electrolyte material for electrochemical 
cells operating at temperatures around 240 ºC. The thermal stability of CsH2PO4, BaHPO4 
and a composite there of was investigated by TG and XRD. The thermal stability of 
CsH2PO4 was investigated in different atmosphere (Air, CO2 and 9 % H2 in N2) and at 
elevated humidities. The conductivity of all three materials was measured to be 20 - 24, 
0.001 and 3 - 4 mS∙cm-1 for CsH2PO4, BaHPO4 and the composite, respectively. It was 
also found that the conductivity and the crystal structure of CsH2PO4 could be regained 
after initial dehydration of the samples; concluding that the dehydration mechanism of 
CsH2PO4 was reversible, at least to a certain extent. The overall conclusion is that out of 
these three materials CsH2PO4 seems to have the best potential as an electrolyte material 
for electrochemical cells operating at temperatures around 240 ºC. 
 
 
a
 Parts of the results in chapter have been published in ECS transactions, reference: J. Hallinder, P. 
Holtappels, and M. B. Mogensen, ECS Transactions, 41 (33) 61-73 (2012). Title: Electrochemical 
Reduction of CO2 at Temperatures below 300 ºC. 
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7.1 INTRODUCTION/ LITERATURE REVIEW 
Solid acids have been extensively investigated as electrolyte materials over the last 
decades, this due to their high proton conductivity in a temperature region of 200- 300 ºC 
where promising electrolyte materials for electrochemical devices have been missing    
[1-7]. 
The general chemical formula for solid acids can be written as MaHb(XOc), where M 
equals a monovalent alkali metal cation; Li
+
, Na
+
, K
+
, Rb
+
 or Cs
+
, or an ammonium ion, 
NH4
+
. X corresponds to phosphor, sulphur or selenium positioned in a tetrahedral 
oxyanion, and a, b and c are stoichiometric coefficients [1,2]. The properties of solid 
acids tend to lie in between those of an acid and a salt, namely, that they are hard, brittle 
and contain structural protons. Some solid acids go through a number of structural phase 
transitions towards more symmetrical structures upon heating. These phase transitions are 
responsible for the dramatic increase in conductivity reported for several solid acids. The 
increase in conductivity arises as the oxy-anions goes from an ordered to a disordered 
state which allows the oxy-anions to rotate [8-10]. The conductivity increases several 
orders of magnitude, reaching conductivities above 10 mS∙cm-1, within just a few degrees 
(ºC) of increased temperature, this transition is often referred to as the superprotonic 
phase transition [10].  
The reason for the sharp increase in conductivity was debated in the literature for 
several years. The debate was whether it rose from a true phase transition (superprotonic 
phase transition) or from decomposition (dehydration/ polymerization) of the material. It 
have been shown in several studies that solid acids dehydrate at elevated temperatures. 
Nevertheless, the dehydration can be suppressed by the use of high pressures and/or a 
highly humidified atmosphere, i.e. leading to an increased onset temperature for 
dehydration. The fact that the superprotonic phase transition occurs even when the 
dehydration is suppressed concludes that the increase in conductivity is an effect of a true 
phase transition and not an effect of decomposition [3,11-14]. A thorough review of this 
matter has been published by Haile et al., also concluding that the high conductivity is as 
effect arising from a phase transition [10]. 
Solid acids conduct protons via the Grotthus mechanism, earlier described in Chapter 
2, meaning that protons are transported from one vehicle, the carrier molecule, being an 
oxygen atom from the XO4- group in the case of solid acids, to the next vehicle via a 
hopping mechanism. The hydrogen forms a new hydrogen bond to the next vehicle at the 
same time as the existing hydrogen bond breaks. One requirement for this (order- disorder 
transition) to occur is that there is enough space for the tetrahedral phosphate group to 
rotate [8].  
One could believe that the size of the cation is the main characteristic for prediction 
of materials that shall exhibit an order-disorder phase transition, especially when 
comparing the cation radius for alkali metals, which nicely follow the trend that larger 
cations favor the formation of a superprotonic phase transition. Nevertheless, Boysen 
presented a convincing analysis showing that this is not standalone evidence for which 
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solid acids that will exhibit a superprotonic phase. Boysen use Tl
+
 and NH4
+
 as examples, 
Tl
+
 has a slightly larger ionic radius than Rb
+
 which should indicate that TlH2PO4 exhibit 
a superprotonic phase, but that is not the case. TlH2PO4 has a much lower melting 
temperature indicating weak ionic bonds, which in turn suggest that the ionic bonds 
strength plays an important role. He also points out that the hydrogen bond strength is 
another important factor to consider when one is trying to predict superprotonic solid 
acids [15]. 
There are, as presented in Chapter 2 (Figure 2.2), several solid acids that show 
promising conductivities, but this study exclusively comprises work on phosphor based 
compounds and the coming parts of this literature review will therefore be focused on 
phosphor based materials. The reason for this was that Haile et al. [16] tested the stability 
of several solid acids and found that sulphur and selenium based solid acids are unstable 
in the presence of hydrogen and various catalysts, i.e. Pt, Au, Ni/Al etc. 
7.1.1 Phosphor based solid acids 
Phosphor based solid acids have a general formula of MHbPO4, where M is a mono or 
divalent cation. CsH2PO4 (CDP) is the most widely investigated solid acid and have been 
extensively used as an electrolyte material in solid acid based fuel cells [6,7,11,17]. 
KH2PO4 (KDP), RbH2PO4 (RDP) as well as CDP doped with Rb are a few phosphor 
based solid acids which are mentioned in the literature [15,18,19]. Another compound of 
interest is BaHPO4 (BHP), which is only treated and characterized in a few publications 
[20,21]. 
CsH2PO4 is reported to go through a phase transition at approximately 230 ºC, 
entering a highly conducting cubic phase. The superprotonic phase transition giving rise 
to the highly conducting phase can be described as an order- disorder transition, where 
the phosphate groups leaves a state where they are only allowed to vibrate (at low 
temperatures, ordered state) to a state where they are free to rotate (elevated temperatures, 
disordered state) and thereby dramatically enhance the proton conductivity [4,8,15]. 
BaHPO4 have been reported to occur in several form at rooms temperature, but no reports 
include information about any high temperature phase transitions [20]. 
The thermal stability of solid acids is, as mentioned earlier, an important property to 
take into account and operation in highly humidified atmospheres is a requirement in 
order to reach long term stability. Haile et al. report that the dehydration onset 
temperature for CsH2PO4 increases from approximately 225 ºC at pH2O = 0.001 atm up to 
approximately 270 ºC at pH2O = 0.30 atm (Figure 7.1) [5]. The onset temperature for 
dehydration of BaHPO4 varies between different reports. Höppe et al. [20] report that 
dehydration occur from approximately 200 ºC whereas Hebbar et al. [22] report that BHP 
is stable up to 370 ºC. The thermal stability of CsH2PO4 has also been reported to increase 
with increasing pressure [11,23]. 
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Figure 7.1. Onset dehydration temperature for dehydration vs. equilibrium water 
partial pressure (pH2O) of the test atmosphere for CsH2PO4. Redrawn from [5]  
Only one report about the electrical conductivity of BaHPO4 has been found [21]. 
They report conductivities in the order of a few µS∙cm-1 in a temperature range of 25 – 
500 ºC, but they do not report which BaHPO4 phase that was used. 
Matsui et al. have reported that the thermal stability was improved and the 
temperature region with high conductivity is increased when mixing solid acids with 
pyrophosphates. They report conductivities above 10 mS∙cm-1 at temperature from 175 ºC 
up to approximately 275 ºC (pH2O = 0.3 bar) for a CsH2PO4:SiP2O7 composite, which 
should be compared with CsH2PO4 alone at the same conditions which needs to be 
operated at temperatures above 230 ºC in order to reach that high conductivities [6,24].  
7.2 EXPERIMENTAL 
7.2.1 Synthesis 
CsH2PO4 was synthesized using two different synthesis routes.  The basic procedure of 
the first synthesis route, from now on called synthesis route 1, has been described by 
Boysen et al. [15] Synthesis route 1 was performed in three different ways, using ethanol 
or methanol to induce precipitation and a phosphor to metal ratio of 1.43:1 or by using 
methanol as the precipitation liquid and a lower phosphor to metal ratio, 1.05:1. 
Phosphoric acid (85wt% H3PO4 in H20, 99.99% trace metal basis, Sigma Aldrich) and 
Cs2C2O3 (Alfa Aesar, 99 % metal basis) were used in all synthesis. Cs2CO3 was dissolved 
in de- ionized water (Millipore H2O, 18.2 MΩ) while stirring; 3.0 ml H2O was added per 
5.00 g of carbonate. 3.01 ml or 2.22 ml phosphoric acid was slowly added to the solution 
during stirring, giving a phosphor to metal ratio of 1.43:1 or 1.05:1, respectively. 25 ml of 
ethanol in the case of P:Cs ratio of 1.43:1 or methanol (used for both P:Cs ratios) was 
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quickly added to the solution and polycrystalline powders were precipitated. The powders 
were then filter washed (with a vacuum pump) 3 times with the same alcohol as was used 
for precipitation, before it was dried at 90 ºC for 18 h.   
Step by step procedure for synthesis route 1:  
1. Weigh up 5.00 g of Cs2CO3  
2. Measure 3.0 ml of DI-H2O 
3. Dissolve 1 in 2 while stirring 
4. Slowly add  3.01 or 2.22 ml phosphoric acid (P:Cation ratio = 1.43:1 or 1.05:1) 
5. Quickly add alcohol (ethanol or methanol) until massive precipitation occur  
6. Filter wash the precipitate 3 times with help of vacuum 
7. Dry the powder at 90 ºC for 18 h. 
8. Store the materials in a tight container to avoid hydration.  
Synthesis route 2 was inspired by the synthesis method used by Bouwmeester et al. 
[25]. The first steps of this synthesis method were the same as for synthesis route 1, 
Cs2CO3 was dissolved in de-ionized H2O before H3PO4 was added slowly during stirring. 
The same amounts of H2O and carbonate were used here as in the earlier describe 
synthesis. H3PO4 was added to give a P:Cs ratio of 1.05:1. Instead of using ethanol or 
methanol to precipitate out a crystalline powder, the solution was heated to 75 ºC and 
stirred on a hot plate to slowly evaporate the water until precipitation of a polycrystalline 
powder occurred. The powder was then washed and further dried following the same 
procedure as in synthesis route 1. 
Step by step procedure for synthesis route 2:  
1. Weigh up 5.00 g of Cs2CO3 
2. Measure 3.0 ml of DI-H2O 
3. Dissolve 1 in 2 during stirring 
4. Add 2.22 ml phosphoric acid (P:Cation ratio = 1.05:1) 
5. Evaporate the water slowly by heating and stirring (app. 150 rpm and 75 ºC) 
6. Filter wash the precipitate 3 times with help of vacuum 
7. Dry the powder at 90 ºC for 18 h. 
8. Store the materials in a tight container to avoid hydration.  
BaHPO4 samples were prepared from commercially available powders (BaHPO4, 
Sigma Aldrich). Composites of CsH2PO4 and BaHPO4 were prepared by mixing the 
commercially available BaHPO4 and CsH2PO4 prepared via synthesis route 1 (methanol, 
P:CS 1.05:1), the two materials were mixed to give a stiochiometry of 1:1 by weight. 
7.2.2 Phase and microstructural characterization   
The crystal structure was determined via powder X-ray diffraction measurements, XRD. 
Room temperature measurements were performed with a STOE Theta-Theta X-ray 
diffractometer (40 kV, 30 mA, Cu Kα1 radiation) and high temperature XRD 
measurements with a Bruker D8 Advance (40kV, 40 mA, Cu Kα1). BaHPO4 were 
Chapter 7      Solid acids 
105 
 
investigated at 30 ºC, 100 ºC and then every 50 ºC up to 450 ºC and also at 30 ºC after the 
high temperature treatment. The sample was kept for 30 min at each temperature prior to 
the measurement. Samples were analyzed by X-ray diffraction after conductivity tests 
(using the same settings as described above). All XRD measurements were carried out 
with a step size of 0.05 degrees (º) and an integration time of 5 s per angle. X-ray 
diffractogram was analyzed with STOE Win XPOW 2.20.  
The microstructure and to some extent also phase purity of the materials was 
investigated using a scanning electron microscope, Hitachi TM1000 tabletop microscope 
(BSE- detector).  
7.2.3 Thermal stability   
Thermal analysis (thermal gravimetric analysis, TGA) was performed using a Netzsch 
STA 409 PG with a heating and cooling rate of 5 ºC∙min-1 using an inlet gas flow of 40 
ml∙min-1. Four sets of TGA measurements were performed the first measurements were 
performed in dry air (pH2O < 0.001 atm), from Troom temperature up to 400 ºC for 
CsH2PO4 and the CsH2PO4:BaHPO4 composite, and up to 510 ºC for the BaHPO4 sample. 
Secondly was CsH2PO4 investigated in air, CO2 and 9% H2 in N2 from Troom up to 500 ºC. 
In this series were all gases humidified to 1.4 %. This humidification was performed to 
avoid any influence from pH2O variations of the inlet gases. Additional TGA 
measurements were performed in the same atmospheres as in the second set of 
measurements, but with a hold time of 5 hours at 150, 170, 190 and 200 ºC, respectively. 
In the last set of measurements was the weight loss for CsH2PO4 measured in dry air 
(pH2O < 0.001 atm) and in highly humidified air (pH2O = 0.57 atm).  
7.2.4 Conductivity measurements 
Electrolyte powders were thoroughly mortared and then pressed into circular discs with a 
uniaxial press (390 MPa for 30 s, Compac, MP 25-1). The pressed discs had a diameter of 
8.07 ± 0.02 mm and a thickness of 750 ± 30 µm for CsH2PO4 and the composites while 
samples of BaHPO4 had a thickness of 1320 ± 70 µm. An initial conductivity test using 
three different electrodes (Pt- paste, Ag- paste and Pt- carbon papers) was conducted on 
three cell having CsH2PO4 as the electrolyte material; the aim with this test was to 
evaluate the reliability of different electrodes to avoid misinterpretations of measured 
impedances. Commercial available PEM CCB (catalyst coated backing) electrodes from 
IRD A/S with 0.56 mg Pt cm
-2
 have been applied as electrodes in all conductivity 
measurements presented in this chapter.   
All conductivity measurements were carried out using the single atmosphere setup 
thoroughly described in Chapter 3.2.1.1.. The conductivity was measured at various 
temperatures and different gas mixtures for two (or more) discs of each material using 
electrochemical impedance spectroscopy (EIS). BaHPO4 was tested at 150, 252, 304 and 
157 ºC (cooling) in 7% H2 and 20 % H2O in N2. The CsH2PO4 and the BaHPO4:CsH2PO4 
composite were characterized at temperatures between 108- 249 ºC. The atmosphere was 
shifted between 7 % H2 + 20 % H2O in N2, 20 % H2O in N2 and 20 % H2O in air. The 
humidity was kept constant at 0.20 atm in a long term experiment for CsH2PO4 and the 
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composite material, except between 147 - 165 h from the start of the experiment, where 
the partial pressure of water was increased to 0.27 atm. The humidity was provided by 
bubbling the inlet gas- mixture through a heated water bottle (Twater= 60 ºC for pH2O = 
0.20 atm and Twater= 67 ºC for pH2O = 0.27 atm). Electrochemical impedance 
spectroscopy (EIS) carried out using a Solartron 1260 frequency analyzer measuring with 
an amplitude of 100 mV and at frequencies from 1 MHz to 1Hz. Data analysis was 
carried out using ZSimpWin 3.21 and Zview 3.0a. 
7.3 RESULTS 
7.3.1 Crystal structures and phase purity 
Figure 7.2 and 7.3 shows how the phase purity of CsH2PO4 was affected by the synthesis 
method and the phosphor to cesium ratio (P:Cs). Powder X-ray diffraction measurements 
show that all four synthesis routes gave CDP as one phase, having a monoclinic structure 
(P
2
1m). CsH2PO4 synthesized using methanol as the precipitator and a low phosphor to 
metal ratio (P:Cs ratio = 1.05:1) showed a single phase CsH2PO4- crystal structure. CDP 
synthesized via the heat induced precipitation route (P:Cs ratio = 1.05:1), as well as CDP 
precipitated using methanol or ethanol as the precipitator and a high phosphor to metal 
ratio (P:Cs = 1.43:1) showed a second phase of CsH5(PO4)2. The relative amount of the 
two phases differed between these three synthesis routes, ranging from almost negligible 
for the batch synthesized via the heat induced precipitation route, while it correspond to 
approximately 50 % of the material when ethanol and a high phosphor to metal ratio was 
used. The microstructure and phase separation for CDP synthesized with ethanol and 
methanol induced precipitation with high P:Cs ratio as well as for CDP synthesized via 
methanol induced precipitation and a low P:Cs ratio. Cross- section scanning electron 
micrographs of the mentioned materials are shown in Figure 7.3. The bright phase 
corresponds to the desired CsH2PO4.  
Apart from showing the phase segregation that occurred for the different synthesis 
procedures, it can be seen in the SEM micrographs that CDP synthesized via methanol 
induced precipitation and a low phosphor to metal ratio have consists of particles in a 
wide size range. The particles are ranging from sub micron size up approximately 7 µm, 
with a majority of particles between 1-3 µm. 
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Figure 7.2. Room temperature powder X-ray diffractogram for CsH2PO4 synthesized 
following four different synthesis routes. a) Heat (evaporation) induced precipitation, 
P:Cs ratio = 1.05, b) Ethanol induced precipitation, P:Cs ratio = 1.43, c) Methanol 
induced precipitation, P:Cs ratio = 1.43, d) Methanol induced precipitation, P:Cs 
ratio = 1.05  
 
Figure 7.3. Cross- section scanning electron micrographs (backscatter electron 
detector) of fractured and polished pellets pressed out of CsH2PO4 synthesized 
following three different synthesis routes. a) Ethanol induced precipitation, P:Cs 
ratio = 1.43, b) Methanol induced precipitation, P:Cs ratio = 1.43, c) and d) Methanol 
induced precipitation, P:Cs ratio = 1.05. Bright phase = CsH2PO4, dark phase= 
CsH5(PO4)2. 
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Results from room temperature XRD characterization of BaHPO4, BaHPO4 and 
CsH2PO4 composite (50:50 wt%) and CsH2PO4 are presented in Figure 7.4. BaHPO4 
showed an orthorhombic structure, space group Pn
2
1a, and the composite of BaHPO4 and 
CsH2PO4 had, as expected, a response from both CsH2PO4 and BaHPO4. High 
temperature X-ray diffractogram measurements shown in Figure 7.5 did not show any 
crystal phase transition for BaHPO4 upon heating prior to decomposition. The appearance 
of the X-ray diffractogram start to change when reaching 300 ºC and the response from 
the BaHPO4 phase was no longer significant when the material reached 450 ºC. The 
formed compound (-s) were not possible to completely fit to any known compound. It 
appears as several phases and compounds are formed upon the heat treatment of the 
BaHPO4, but still there are several non identified peaks. Ba2P2O7, Ba(PO3)2, BaO2 and 
Ba3(PO4)2 are a few examples of materials that could be fitted to the heat treated sample.  
A slight shift in the 2 theta angle of the BaHPO4 sample was recorded upon heating, 
the high temperature X-ray diffractogram is shown in Figure 7.5. This is due to thermal 
expansion of the material and thereby creating a shift in the measured angle, see Chapter 
3 (Figure 3.1). 
 
Figure 7.4. Powder X-ray diffractogram for a) BaHPO4, b) BaHPO4 and CsH2PO4 
composite (50:50 wt %) and c) CsH2PO4, measurements were performed in Air, T = 
25 ºC. 
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Figure 7.5. High temperature powder X-ray diffractogram for BaHPO4 carried out in 
air at a) 30 ºC before heat treatment, b) 200 ºC, c) 300 ºC, d) 350 ºC, e) 450 ºC and f) 
30 ºC after heat treatment. The samples where held at the desired temperature for 30 
minutes before the XRD pattern was recorded.  
 
7.3.2 Thermal stability 
Thermal gravimetric analysis (TGA) showed that all three compounds lose weight upon 
heating (Figure 7.6). Weight loss of CsH2PO4 was initiated at 222 ºC.  The weight loss 
consisted of 2 steps and was completed to 7.8 wt% when the temperature reached 
approximately 300 ºC. BaHPO4 dropped 0.4 wt% at the same temperature as the CsH2PO4 
started to dehydrate, but was then stable up to 375 ºC where a weight loss of 3.7 % 
occurred. The composite had an onset temperature for weight loss similar to the one of 
pure CsH2PO4. The weight loss seems to consist of four processes which sum up to a total 
weight loss of 5.4 wt%.  
TGA measurements on CsH2PO4 were carried out in different atmospheres; CO2, 9% 
H2 in N2 and air; all three gases were humidified to 1.4 % to avoid an eventual influence 
of pH2O variations in the gas supply. The onset temperature is independent on the 
surrounding gas, but there are some differences in the appearance of the weight loss curve 
when the material is in the dehydration zone (weight loss zone) as shown in Figure 7.7. 
CsH2PO4 investigated in H2 containing atmosphere form a semi stable intermediate 
structure after weight loss of 5.5 wt%, before complete decomposition occur. The long 
term stability test (performed with 5 h hold time at 150, 170, 190 and 200 ºC) did not 
show any differences in thermal stability, regardless which gas composition that was 
used. 
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Figure 7.6. Weight loss curves and DTA results recorded for a) CsH2PO4, b) 
composite of CsH2PO4:BaHPO4 [50:50 wt %] and c) BaHPO4. The measurements 
were carried out under flowing air atmosphere (40 ml∙min-1, pH2O < 0.001 atm) with 
a heating and cooling rate of 5 ºC∙min-1. 
 
Figure 7.7. Weight loss curves for CsH2PO4 recorded in CO2, air and 9% H2 in N2 
(dry composition), humidified to 1.4 % H2O, using a heating ramp of 5 ºC∙min
-1
.  
Weight loss measurement performed in wet conditions (pH2O = 0.57 atm) showed an 
unexpected drop in weight at 222 ºC, the same onset temperature as for measurements in 
dry atmosphere. Anyhow, the material gained weight (recovers) as the temperature was 
increased above 240 ºC, and was then stable up to the onset temperature of dehydration, 
298 ºC at this humidity. CsH2PO4 investigated in dry (pH2O < 0.001) air showed an 
expected onset temperature for dehydration, 222 ºC as shown in Figure 7.8.  
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Figure 7.8. Weight loss curves for CsH2PO4 recorded in dry (pH2O < 0.001 atm) and 
humidified (pH2O = 0.57 atm) air, using a heating ramp of 5 ºC∙min
-1
.  
7.3.3 Conductivity measurements 
7.3.3.1 Electrodes for conductivity measurements  
Electrochemical impedance measurement results performed at three cells using different 
electrodes are presented as a Nyquist plot in Figure 7.9. The total impedance for the three 
electrodes differed, but the measured ohmic resistance, high frequency intercept, of the 
three cells did not show any significant difference. These results verify that the platinum- 
carbon electrode can be used for measurements of the electrolyte resistance for the 
materials of interest.  
 
Figure 7.9. Nyquist plots for conductivity measurements performed using three 
different electrodes, Ag- paste, Pt- paste and Pt- carbon papers. The measurements 
were carried out in 7% H2 + 20 % H2O balanced with N2 at 239 ºC. Filled marker = 
frequency decades ranging from 10
5
 Hz- 10 Hz. 
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7.3.3.2 Conductivity measurements of phosphor based solid acids 
A sharp increase in the conductivity of CsH2PO4 corresponding to 3-4 orders of 
magnitude was observed when the temperature was increased from 210 ºC to 227 ºC 
(Figure 7.10). The conductivity of BaHPO4 did not show a clear temperature dependency 
and the measured conductivity was approximately 1 µS∙cm-1 throughout the whole 
temperature range.  The measured conductivity of the BaHPO4 and CsH2PO4 composite 
compound (50:50 wt %) showed the same trend as the pure CsH2PO4, but with lower 
conductivity. The measured conductivity of the composite and CsH2PO4 were in the order 
of 3 - 4 mS∙cm-1 and 20 - 24 mS∙cm-1 at 240 ºC respectively.  
 
Figure 7.10. Arrhenius plot showing the measured total conductivity versus 
temperature for a) CsH2PO4, b) composite of CsH2PO4:BaHPO4 [50:50 wt %] and c) 
BaHPO4. Atmosphere: 7 % H2, 73 % N2, 20 % H2O. Error bars indicates the 
estimated error from analysis of conductivity results. 
7.3.3.3 Long term measurement and reversible degradation of σ 
The conductivity of CsH2PO4 and the composite (in 7 % H2, 20 % H2O and 73 % N2) was 
stable over time (Figure 7.11) until the gas was shifted via nitrogen to air and then back to 
7 % H2, 20 % H2O and 73 % N2. A slight increase in conductivity was induced by the gas 
shifts, also the temperature increased 2-3 ºC upon the gas shift (121- 126 hours after start 
of the experiment). After increasing the temperature to 249 ºC (126-142 hours after start 
of the experiment) for 16 h and then decreasing back to 240 ºC, a drop in conductivity 
from 24 to 3.8 mS∙cm-1 was seen for CsH2PO4 . The composite showed a minor decrease 
in conductivity from 4.5 to 3.1 mS∙cm-1. After 16 hours at 249 ºC was the temperature 
decreased to 240 ºC again and the conductivity started to increase again.. The water 
partial pressure was increased from 0.2 atm to 0.27 atm for 18 h and then decreased to 
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0.20 atm again. This resulted in a full recovery of the conductivity for both the CsH2PO4 
sample as well as the composite as shown in Figure 7.11. 
 
Figure 7.11. Measured conductivity of a) CsH2PO4 (red squares) and b) 
CsH2PO4:BaHPO4 composite [50:50 wt %] (green stars) over time. Atmosphere: 7 % 
H2, 73 % N2, 20 % H2O, open circles = 80 % N2, 20 % H2O and open triangles = 80 
% Air, 20 % H2O. Error bars indicates the estimated error from EIS analysis of 
conductivity results. 
7.3.4 Post mortem analysis 
X-ray diffraction measurements performed after the long term conductivity measurement 
is presented for one CsH2PO4 and one composite sample in Figure 7.12 and 7.13 below. It 
can be seen that the CsH2PO4 sample recovered completely; not only in the case of 
conductivity (compare Figure 7.11), but also its crystal structure was unaffected. The 
composite sample on the other hand shows a more complex X-ray diffractogram after the 
test. CsH2PO4 can easily be identified, while the BaHPO4 phase has disappeared. A X-ray 
response equal to the high temperature XRD results after treating the material at 450 ºC 
was found (compare Figure 7.5 and Figure 7.13), it should be noticed that the latter figure 
also include the signal from CsH2PO4.  
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Figure 7.12. X-ray diffraction patterns performed at room temperature for CsH2PO4 
before (a) and after (b) the long term test shown in Figure 11. STOE Theta-Theta 
diffractometer 40 kV, 30 mA, Cu Kα1 radiation, step size 0.05 º, 5 s/ step in 
integration time.  
 
Figure 7.13. X-ray diffraction patterns performed at room temperature for the 
CsH2PO4:BaHPO4 composite before (a) and after (b) the long term test shown in 
Figure 7.11. STOE Theta-Theta diffractometer 40 kV, 30 mA, Cu Kα1 radiation, step 
size 0.05 º, 5 s/ step in integration time.  
7.4 DISCUSSION 
7.4.1 Crystal structure and Thermal stability  
The X-ray diffractogram for CsH2PO4 synthesized using different phosphor to metal 
ratios as well as different ways of inducing precipitation of the materials showed that 
phase pure CsH2PO4 was synthesized with a low phosphor to metal ratio (1.05:1) and by 
using methanol as the precipitation liquid, see Figure 7.2. Boysen [15] reported phase 
pure CsH2PO4 when using a P:Cs ratio of 1.43:1 while Uda et al. [3] report phase pure 
materials using a lower ratio, namely 1.05:1. Results in this study do thereby coincide 
with the results form Uda et al. The small over-stoichiometry of phosphor was probably 
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washed away as the material was vacuum filtered with methanol. SEM micrographs 
clearly showed that there was a second phase present when a high P:Cs ratio was used, 
regardless if ethanol or methanol was used for the precipitation. This secondary phase 
was indexed as CsH5(PO4)2, which has a P:Cs ratio of 2:1. Naili et al. report that 
CsH2(AsO4)2 was synthesized using the corresponding acid in a stoichiometry of 2:1 of 
H3AsO4, which makes it fair to assume that the formation of CsH2(PO4)2 was due to the 
high P:Cs ratio [26]. CsH5(PO4)2 is also a proton conductor and Matsui et al. [24] have 
reported high conductivities for CsH5(PO4)2 when used in composite electrolytes 
(CsH5(PO4)2:SiP2O7) for fuel cells. Materials synthesized with the heat (evaporation) 
induced precipitation are not washed directly after precipitation, since the precipitation 
occurred slowly, allowing for a formation of a secondary phase. Bouwmeester et al. [25] 
prepared CsH2PO4 via heat induced precipitation and got a phase pure compound, but 
they used a 1:1 stoichiometry, not allowing any excess phosphor to react with the 
precipitate.  
X-ray diffractogram of BaHPO4 confirmed an orthorhombic (Pn21a) phase, this 
phase of BaHPO4 have earlier been reported by Hebbar et al. [22]. Other studies of 
BaHPO4 have reported that BaHPO4 can be found in different crystal structures, but no 
one discussing same Pn21a structure [20,27]. High temperature XRD of BaHPO4 did not 
show any phase transitions upon heating, prior to decomposition. Phase transitions play 
an important role for for CsH2PO4 and other superprotonic solid acids, as this is believed 
to be a reason for the appearance of a highly conducting phase [1]. XRD performed at 
300 ºC revealed that decomposition of BaHPO4 was initiated and the orthorhombic phase 
was not present as the sample reached 450 ºC. The X-ray diffractogram at 450 ºC showed 
a complex composition of phases and structures. These were not possible to completely 
index to known compounds, but Ba2P2O7, Ba(PO3)2, BaO2 and Ba3(PO4)2 are a few 
examples of materials that could be matched to the diffractogram measured at 450 ºC, 
which kept the same structure when it was cooled down to ambient temperature after the 
heat treatment, telling that the decomposition was irreversible.  
Thermogravimetric results for the CsH2PO4, BaHPO4 and the composite sample 
(compare Figure 7.6), showed that the thermal stability of BaHPO4 was superior 
compared to the composite sample as well as CsH2PO4. The onset temperature for 
BaHPO4 was measured to be 375 ºC (apart from the initial drop of 0.4 wt %), which is in 
good agreement with the onset temperature reported by Hebbar et al. [22]. They attribute 
the weight loss to dehydration into Ba2P2O7 (according to Reaction 7.1) which 
theoretically would lead to a weight loss of 3.9 wt%. The weight loss of 3.7 wt% 
measured in this study is in good agreement with Reaction 7.1, but the formation of 
barium pyrophosphate does not correlate completely with results from high temperature 
XRD. Reaction 7.2 and 7.3 would lead to 14.0 and 7.7 wt% in weight loss if they were 
continued to completion, respectively.  
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                            (7.1) 
 3                             (7.2) 
                                 (7.3) 
 
Also post mortem XRD (Figure 7.13) of the tested composite (CsH2PO4:BaHPO4) 
showed a number of structures after test, also indicating that BaHPO4 did not only 
decompose into BaP2O7 even if the weight loss measured by TG was in good agreement 
with that reaction. There was a deviation between the dehydration onset temperature of 
BaHPO4 comparing results from the conductivity test (maximum temperature = 249 ºC), 
high temperature XRD (changes in diffractogram were visible from 300 ºC) and TGA 
(onset temperature was 375 ºC).This deviation is most likely due to the measurement 
conditions. The composite was tested for approximately 170 h in reducing atmospheres 
with high pH2O (= 0.20 atm). The onset temperature from XRD was taken from a steady 
state where the temperature was kept constant for 30 min in dry air prior to measurement 
while the onset temperature from TGA is retrieved from a measurement where the 
temperature was constantly increasing (5 ºC∙min-1). Boysen found that the onset 
temperature for CsH2PO4 was largely dependent on both heating rate and the surface area 
exposed to the test atmosphere [15]. 
Thermogravimetric results for CsH2PO4 performed in dry air (pH2O < 0.001 atm) 
showed an onset temperature of 222 ºC which is in good agreement with the literature 
[5,12]. The weight loss curve for the composite sample lies, as expected, in between the 
one for the CsH2PO4 and BaHPO4 sample. The total weight loss for CsH2PO4 was 
measured to be 7.8 wt% which can be correlated with Reaction 7.4. 
 
                                                       (7.4) 
 
TG measurements in air, CO2 and 9% H2 in N2 (pH2O = 0.014) showed that the onset 
temperature for dehydration of CsH2PO4 was independent on the choice of gas both 
regardless if the measurements were performed with 300 min of hold time at 150, 170, 
190 and 200 ºC or if the temperature was constantly raised from room temperature up to 
500 ºC. However, it should be noted that the actual decomposition was prolonged when 
the surrounding gas atmosphere was diluted hydrogen, see Figure 7.7. Haile et al. have 
earlier reported that sulphur and selenium based solid acids are non-stable in reducing 
atmospheres in the presence of various catalysts (Pt, Au, Ni/Al) [16], this could perhaps 
be an issue also for CsH2PO4. Thermal stability data recorded at various humidity’s were, 
apart from an unknown drop and gain in weight between 222 and 240 ºC, in good 
agreement with data reported earlier [5,12], once again verifying that the thermal stability 
of CsH2PO4 is increased as the humidity is increased. 
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7.4.2 Conductivity 
The initial measurement performed on CsH2PO4 using three different electrodes (Figure 
7.9) gave similar serial resistance regardless which electrodes that were used. The 
measured resistance is also in good agreement with what would be expected from the 
literature [1]. This shows that all three types of electrodes could be used for conductivity 
measurements, but Pt- carbon electrodes were chosen due to the simple handling.   
The low conductivities that was measured for BaHPO4 (Figure 7.10) did probably 
arise as an effect from the lack of phase transitions prior to decomposition, see Figure 7.5, 
i.e. not changing to a crystal structure where the phosphate group is allowed to rotate. 
Barium is a divalent cation and will bond harder to the phosphate group, this can perhaps 
explain the non existing phase transitions into a highly conducting phase. Boysen 
presented convincing data that also the ionization potential influence the prediction of 
superprotonic phases [15]. The ionization potential of barium is -5.21 eV which is similar 
to that of lithium, -5,39 eV [28]. LiH2PO4 is also lacking a superprotonic phase. The 
concentration of hydrogen in the structure is lower. This might also affect the 
conductivity negatively.  
The conductivity behavior of CsH2PO4 is well described in literature and the trends 
seen in Figure 7.10 are in good agreement of what has been reported [7,11]. The sharp 
increase in conductivity is described as a phase transition from monoclinic structure at 
room temperature via a tetragonal phase to a highly conductive cubic crystal structure at 
higher temperature. The measured conductivity of the composite was slightly lower than 
for the pure CsH2PO4- electrolyte. Thus, the positive effect on conductivity that have 
been reported when a solid acid is mixed with a pyrophosphate or an oxide was not seen 
in this study [6,7]. The composite can therefore be seen as a diluted CsH2PO4- electrolyte 
with a negligible contribution from the BaHPO4 to the measured conductivity. The drop 
in conductivity that was monitored for CsH2PO4 when heated to 249 ºC (Figure 7.11) can 
be attributed to an initial reversible dehydration of the material, according to the first half 
of Reaction 2.4 [12]. XRD measurements also showed that the crystal structure was the 
same before and after the measurement (Figure 7.12). The drop in conductivity was 
unexpected since the material (according to earlier work found in the literature) should be 
stable at those conditions [12,13]. Two explanations for the loss in conductivity can be 
that the monitored temperature was lower than the actual sample temperature or that the 
true pH2O was lower than the expected, and thereby leading to dehydration of CsH2PO4 
at a temperature slightly lower than expected.  
7.5 CONCLUSIONS 
Different synthesis methods of CsH2PO4 was tested and it was concluded that the phase 
purity was largely dependent on the used P:Cs stoichiometry, but also on the used 
precipitation liquid. Phase pure materials was achieved when a P:Cs ratio of 1.05:1 was 
used together with methanol as the precipitation liquid.  
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Thermogravimetric measurements of BaHPO4 showed that the onset temperature for 
dehydration was 375 ºC, but additional studies using high temperature XRD and long 
term electrochemical investigations showed a lower thermal stability. This indicates that 
the thermal stability of BaHPO4 is largely dependent on the test conditions. The electrical 
conductivity of BaHPO4 was independent on the test temperature (in the temperature 
range, 100 – 300 ºC, used in these tests) and remained at values around 1 µS∙cm-1.  
The thermal stability of CsH2PO4 was independent on the surrounding gas 
atmosphere (tested in air, CO2 and 9 % H2 in N2 pH2O = 0.014 atm). It was also found 
that the thermal stability was improved when the surrounding gas atmosphere contain 
high humidities. The conductivity was measured to 20 mS∙cm-1 at 240 ºC, which is in 
good agreement with earlier results. It was also found that the conductivity and the 
thermal structure could be regained after initial dehydration of the samples; this concludes 
that the dehydration mechanism of CsH2PO4 is reversible, at least to a certain extent. 
A composite sample containing CsH2PO4 and BaHPO4 was also investigated, but no 
positive effects from the addition of BaHPO4 were observed, either with respect to 
thermal stability or to the conductivity behaviour. 
The overall conclusion is that out of these three materials, CsH2PO4 is the one which 
has the best potential as an electrolyte material for electrochemical cells operating at 
temperatures around 240 ºC. 
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CHAPTER 8 
 
OVERALL CONCLUSION PART II: ELECTROLYTES 
Ten different electrolyte materials were synthesized and characterized with respect to 
thermal stability, phase composition, phase evolution and conductivity. In order to be 
considered for implementation in full cells, the materials should fulfill the following 
requirements: the conductivity should be above > 10 mS cm
-1
 at temperature of below 
300 ºC, the materials should be thermally stable in the same temperature interval as the 
they exhibit high conductivity (measured with TG) and the materials must not decompose 
during electrochemical conductivity measurements (comparing XRD before and after 
conductivity testing). Table 8.1 summarizes the tested materials and indicates if their 
conductivity and thermal stability fulfilled the requirements and therefore were worth to 
be implemented in full cells.  
Table 8.1.  Summary of important parameters for this application: + indicates 
satisfactory and – indicates non satisfactory. ± denote that the sample was just below 
the limit. The limits for + and - were chosen according to the text above. Treatment 
temperature corresponds to the maximum treatment temperature before conductivity 
testing.  
Compound Treatment 
temperature [ºC] 
Thermal 
stability, TG 
Conductivity Thermal 
stability, XRD 
Ti0.9Y0.1P2O7-δ 370 + - + 
Ti0.9Y0.1P2O7-δ 600 + - + 
Ti0.9Y0.1P2O7-δ 650 + - + 
Ti0.9Y0.1P2O7-δ 970 + - + 
Si0.9Y0.1P2O7-δ 980 + - - 
Zr0.9Y0.1P2O7-δ 980 + - + 
Sn0.9Y0.1P2O7-δ 590 + ± + 
Ce0.9Y0.1P2O7-δ 380 + + - 
Ce0.9Y0.1P2O7-δ : 
KH2PO4 
 + + - 
Ce0.9Gd0.1(PO3)4 400 + + - 
CsH2PO4 90 + + + 
CsH2PO4 : BaHPO4 90 + - - 
BaHPO4  90 + - - 
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It is clear from the table above that all materials seemed to have a sufficiently high 
thermal stability when only looking at results from thermogravimetric measurements 
(disregarding from the initial loss of absorbed water), but counting in the thermal stability 
under operating conditions makes it clear that only a few materials, namely:  
Ti0.9Y0.1P2O7-δ, Zr0.9Y0.1P2O7-δ , Sn0.9Y0.1P2O7-δ and CsH2PO4 were really stable during 
operation at relevant conditions. Out of these materials was it only CsH2PO4 that 
exhibited a conductivity above 10 mS cm
-1
 (see requirements listed above). It shall also 
be mentioned that CsH2PO4 was easier to handle than the other materials which all were 
hard to fabricate into cells and several of them were sensitive to humidity. 
This concludes that CsH2PO4 was the most promising electrolyte material of all 
materials evaluated in Part II (Chapters 4-7), and was therefore chosen as the candidate 
for further studies in full cells (Chapters 9-11 + Appendix B). 
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PART III 
ELECTRODE AND CELL DEVELOPMENT
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CHAPTER 9 
 
DEVELOPMENT AND CHARACTERIZATION OF ELECTRO-
CHEMICAL CELLS USING COPPER AS AN ELECTROCATALYST 
AT 240 °C  
The aim with part II was to identify a material that was suitable as an electrolyte in 
electrochemical cells operating at temperatures of 200 - 300 
o
C. CsH2PO4 was identified 
as the most promising candidate. Part III will focus on electrode and cell development 
with a main focus on electrodes that might be able to reduce CO2. This chapter describes 
initial development of such electrochemical cells and electrode compositions. The study 
contains evaluation and characterization of both the microstructure and the 
electrochemical performance of three different cells, all having Pt- and Cu- based 
electrodes.  
ABSTRACT 
Three different solid acid based electrochemical cells have been fabricated and tested by 
electrochemical impedance spectroscopy, cyclic sweep and chronoamperometric 
measurements at a temperature of 240 °C. Copper and platinum were used as cathode and 
anode electrocatalysts, respectively. The total cell resistance was, for the cell with the 
lowest cell resistance, 3.7 ± 0.7 Ω∙cm2 at an applied cell voltage of 1.5 V. It showed stable 
performance at low applied cell voltages (up to 1.0 V) and was tested for more than 40 
hours at applied cell voltages between 0.5 V and 1.0 V. Mass spectrometry measurements 
were conducted at applied cell voltages up to 1.5 V, but no concentration changed of the 
gas composition (in the test setup) was recorded suggesting that H2 evolution was the 
dominating reaction at low overpotentials. A slope change in current versus electrode cell 
polarization (|ηtot|) curves was observed as the electrode polarization exceeded 1.0 V, but 
the cell stability was not satisfactory and the cell performance decreased rapidly as the 
applied cell voltage exceeded 3.6 V (|ηtot| > 1.15 V).  
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9.1. INTRODUCTION 
Increasing levels of carbon dioxide, CO2, in the atmosphere and depletion of oil resources 
are two major concerns in today’s society. Electrochemical reduction, electrolysis, of CO2 
into syngas and hydrocarbons such as methane, ethane and methanol can eventually 
become an important part of a CO2- neutral energy system [1].  The fuels will be CO2- 
neutral if they are produced with electricity from a renewable source. CO2 should 
preferably be captured from the atmosphere or from industry exhaust [1-3]. 
Several authors report that copper electrodes can be used for reduction of CO2 via 
electrolysis, using liquid electrolytes at moderate temperatures (0 – 50 °C) [4-8]. The 
literature reports formation of several products when CO2 is reduced via electrolysis, for 
example CO, CH4 and C2H6 [4,6]. It has also been concluded that the product distribution 
is dependent on several factors. Hori et al. [9] reported that various impurities (for 
example Fe and Zn) in the liquid solution can deactivate copper electrodes and thereby 
favor hydrogen production instead of CxOyHz. Yano et al. [6] reported that deactivation of 
copper electrodes was less pronounced when gas diffusion electrodes (GDE’s) were used 
instead of metal electrodes immersed in the liquid electrolyte. In the GDE’s CO2 is fed to 
the electrode in gas phase instead of dissolved in the liquid electrolyte. It has also been 
discussed in several studies that Cu- electrodes are deactivated as a consequence of 
graphitic carbon formation at the electrode surface. Formation of graphitic carbon has 
also been shown to favor hydrogen evolution [6-8]. Also the choice of electrolyte 
(inorganic salt solution) and the local pH at the electrode surface affect the product 
distribution [4]. A high pH seems to favor formation of alcohols and ethane, whereas 
hydrogen becomes the main product when protons cover the electrode surface [4]. Hori et 
al. [4] showed that the cathode overpotential is another factor that controls the product 
distribution. They reported that hydrogen was the main product at low overpotentials 
followed by CO and HCOO
-
 and there after evolution of hydrocarbons as CH4 and C2H6 
at even higher overpotentials.  
Pure copper and Cu- containing composites, like Cu/ZnO, are known to produce for 
example methanol via heterogeneous catalysis of H2 and CO2 [10]. Heterogeneous 
catalysis is often performed at elevated temperatures (200 - 400 °C) and pressures to 
enhance the reaction kinetics and selectivity [11].  
Direct reduction of CO2 into hydrocarbons and alcohols, as mentioned above, has 
only been reported for experiments carried out at low temperatures, which leads to slow 
kinetics. There is a need to increase the reaction rates and to reach high energy 
efficiencies in order to obtain a system which can compete with water electrolysis [3]. 
One tempting way to increase the reaction kinetics would be to increase the operating 
temperature to 200-300 °C, which is a temperature range where many hydrocarbons are 
stable. Such an increase in operating temperature requires both a different cell concept as 
well as other electrolyte materials compared to electrolysis performed at low temperature. 
Solid acids are one group of intermediate temperature proton conductors that have caught 
large attention over the last decade [12-14]. Some solid acids are reported to go through a 
super ionic phase transition where the crystal structure is changed towards a more 
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symmetrical structure [15]. CsH2PO4 is the most investigated solid acid and has a 
conductivity of 10- 20 mS∙cm-1 at temperatures of 240-250 °C [12,16,17].  
Solid acids have in recent years been used as electrolytes in fuel cells operating at 
temperatures around 250 °C. These fuel cells use platinum as the electrocatalyst for 
oxidation of hydrogen as well as reduction of oxygen [18,19].  
Since the aim with this study was to directly convert CO2 into hydrocarbons copper 
was chosen as the most promising cathode electrocatalyst for CO2 reduction. Platinum- 
based anodes (for hydrogen (and/or water) oxidation) were used since compatible and 
inexpensive water oxidation electrocatalysts have not been found. This chapter presents 
initial fabrication and characterization of electrochemical cells using Pt as the anode 
catalyst, copper as the cathode catalyst and CsH2PO4 as the electrolyte material. The 
electrochemical performance was evaluated in H2 and CO2 containing atmospheres, by 
both short term performance tests and more long term stability test.  
9.2. EXPERIMENTAL 
9.2.1 Synthesis of CsH2PO4 
CsH2PO4 was synthesized in a similar way as has been described by Boysen [20]. 6.60 ml 
of H3PO4 (Sigma Aldrich, 85 wt% H3PO4 in H2O, 99.99 % trace metal basis) was 
measured and slowly added to 15.00 g of Cs2CO3 (Alfa Aesar, 99 % metal basis). 
Approximately 15 ml of de- ionized water (Millipore, 18.2 MΩ) was added under stirring 
to completely dissolve the Cs2CO3. CsH2PO4 was then precipitated out by quick addition 
of the solution into a stirred beaker with methanol (50 ml). The product was vacuum- 
filtered and washed three times with methanol before it was dried for 18h at 90 °C.  
9.2.2 Electrode and Cell fabrication 
Three types of cells were fabricated and tested in this study; they are referred to as Cell 
type A, B and C. The materials used in the three types are summarized in Table 9.1. All 
cells were prepared by co-pressing (390 MPa for 30s, Compac, MP 25-1) the electrodes, 
except the anode in the case of cell type A, and the electrolyte into a full cell in one 
pressing step. This fabrication method has earlier been described by Hallinder et al. [16]. 
The active cell area was between 0.44 and 0.50 cm
2
. Cell type A had a commercially 
available anode, platinum supported on a carbon paper, PEM CCB (catalyst coated 
backing) electrodes from IRD A/S, with 0.56 mg platinum cm
-2
. This type of anode was 
manually placed onto the electrolyte prior to testing and was sintered to the electrolyte 
during start up of the test. The cathode that was used for cell type A and B consisted of 
CsH2PO4, copper particles (0.2-0.3 μm, Alfa Aesar, 99 % metal basis) and naphthalene 
(Sigma Aldrich, 99+ %, Scintillation grade) in a ratio of [3:3:0.5] by mass. Naphthalene 
was ball-milled for 1h at 50 rpm using dense ZrO2 balls (ø = 10 mm) and CsH2PO4 was 
thoroughly mortared before all three materials were mixed. The cathode in cell type C 
was prepared in the same way as for cell type A and B but with addition of 7.1 wt% of 
carbon black (Alfa Aesar, 50% compressed, 99.9+% metal basis), giving a final 
composition of [CsH2PO4:Copper:Naphthalene:C-black] equal to [3:3:0.5:0.5] by mass. 
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The anode for cell type B and C was prepared in the same way as described for the 
cathode, but consisted of CsH2PO4, Pt- black (Alfa Aesar, S.A. nominally 27 m
2
/ g, 
HiSPEC
TM
 1000), Pt- supported on carbon (Alfa Aesar, nominally 50 % on carbon black, 
HiSPEC
TM
 8000) and naphthalene (Sigma Aldrich, 99+%, Scintillation grade) in a ratio 
(by weight) [3:3:1:0.5]. These electrodes have earlier been described by Uda et al. [21].  
Table 9.1. Summary of tested cell types including anode and cathode compositions.  
Type Anode Cathode 
  A 
[16] Pt- carbon paper
*
 CsH2PO4:Copper:Naphthalene 
  B CsH2PO4, Pt-black, Pt supp on Carbon, Naphthalene  CsH2PO4:Copper:Naphthalene 
  C CsH2PO4, Pt-black, Pt supp on Carbon, Naphthalene CsH2PO4:Copper:Naphthalene:C-black 
* Provided by IRD A/S. 
9.2.3 Characterization 
The microstructure of all cells was investigated using a scanning electron microscope, 
SEM (Hitachi TM-1000 Tabletop microscope, using a backscatter detector), prior to the 
electrochemical tests as well as after being tested electrochemically. The microstructure 
of cell type B was also investigated after exposing it to testing conditions, but without 
being tested electrochemically. The copper catalyst was characterized, with respect to 
particle size and shape of particles, using a Zeiss Supra 35 electron microscope (in-lens 
detector). 
 
Electrochemical tests were performed using a single atmosphere setup, i.e. the same 
gas atmosphere at both electrodes. The cells were tested at a temperature of 240 ± 3 °C. 
Cell type A was tested with an atmosphere consisting of 20 % H2O + 3.5 % H2 + 40 % 
CO2 balanced with N2, while cell type B and C was tested in 20 % H2O + 5 % H2  + 20 % 
CO2 balanced with N2. Cell type C was also tested without CO2 in the surrounding 
atmosphere, i.e. CO2 exchanged to N2 to keep the H2 concentration constant. 
Electrochemical measurements were performed using a Gamry Instruments, Reference 
600 Potentiostat/ Galvanostat/ ZRA. Cyclic sweep measurements were carried out at 0.0 - 
1.5 V in applied cell voltage for cell type A-C and additional measurements ranging from 
0.0 - 4.0 V and 0.0 – 2.6 V in applied cell voltage was conducted on two additional cells 
of cell type C. Electrochemical impedance spectroscopy, potentiostatic EIS, 
measurements was carried out at open circuit conditions (0 V in applied cell voltage) and 
at various applied cell voltages ranging up to 1.5 V. The voltage was always applied so 
the copper electrodes became the negative electrode, i.e. the cathode. EIS spectra were 
recorded using an amplitude of 50 mV for cell type A and 10 mV for cell type B and C in 
a frequency range of 1 MHz to 0.1 or 0.01 Hz, measured from high to low frequencies. 
Chronoamperometric (potentiostatic) measurements were performed at applied cell 
voltages up to 1.0 V for various times. A long term test of cell type C was conducted and 
its performance was characterized continuously as the cell was running with various 
applied cell voltages for a total time of more than 40 h. Impedance data were validated by 
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linear Kramers- Kronig test [22,23]. Analysis of impedance data were performed using 
impedance transforms in the software Ravdav [24].  
 
Gas analysis was performed using a mass spectrometer (Omnistar GSD301) that was 
connected to the test setup via a heated capillary tube (T= 150 °C) further connected to a 
1/16 inch tube inside the test rig that was positioned next to the sample during tests of cell 
type C. Measurements were carried out continuously as the applied cell voltage was 
changed from OCV, 0.5 1.0 and 1.5 V with a hold time of 30 minutes at each applied cell 
voltage. The ionic current for the following molecular weights were recorded: 2 (H2), 15 
(CH3
+
), 16 (CH4, O
2-
), 18 (H2O), 28 (N2, CO, C2H6), 29 (C3H8), 32 (O2) and 44 (CO2) to 
assure that produced molecules and fractions thereof could be detected. The response 
time for a gas change was determined by measuring the time needed to reach stable 
values after the gas in the test rig was changed from air to diluted hydrogen (9 % H2 in 
N2). The response time was less than 5 minutes.  
9.3. RESULTS  
9.3.1 Initial Electrochemical characterization 
Results from electrochemical impedance spectroscopy and cyclic sweep measurements, 
of the three cell types, are presented in Figures 9.1- 9.3. Figure 9.1 and in particular 
Figure 9.2 show how the total cell resistance (Rtot=Rs + Rp), the polarization resistance 
(Rp, electrode, mass transfer, conversion and diffusion resistance) and the serial resistance 
(Rs, ohmic resistance i.e. electrolyte and contact resistance) changed for each cell type at 
various applied cell voltages. The observed decrease in Rtot was mainly, comparing cell 
type A with B and B with C, due to a decrease in the Rp. Rs were similar for cell type A 
and C (2,9 ± 0,3 Ω∙cm2 for type A compared to 2,6 ± 0.6 Ω∙cm2 for type C) at an applied 
cell voltage of 1.5 V), while it was slightly higher for cell type B (4.2 ± 0.9 Ω∙cm2 at an 
applied cell voltage of 1.5 V). Rtot decreased from 17.0 ± 3.50 Ω∙cm
2
 to 7.8 ± 1.9 Ω∙cm2 
and further down to 3.7 ± 0.7 Ω∙cm2. The polarization resistances decreased from 14.1 ± 
3.2 Ω∙cm2 to 3.6 ± 1.1 Ω∙cm2 and further down to 1.1 ± 0.1 Ω∙cm2 for cell type A- C, 
respectively, measured with an applied cell voltage of 1.5 V. Presented resistances are 
average values from three cells of each type and the uncertainty correspond to the 
deviation between the three cells. Thus, Rtot and Rp were reduced with a factor of 4.6 and 
12.8 comparing results for cell type C and cell type A.  
One cell of cell type C was operated for a few minutes at an applied cell voltage of -
1.5 V, meaning that the Cu- electrode was acting as the hydrogen oxidation electrode 
(anode). The electrolyte was after the test discolored (blue instead of white). This was a 
strong suggestion for formation of a Cu- phosphate. 
No differences were seen in the electrochemical response (from EIS) when cell type 
C was tested in two different atmospheres; one with CO2 (20 % H2O + 5 % H2 + 20 % 
CO2 balanced with N2) and one without CO2 (20 % H2O + 5 % H2 balanced with N2).  
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Results from cyclic sweep measurements with 50 mV s
-1
 are presented in Figure 9.3. 
It is clear that the current versus applied potential response for cell type A has a different 
appearance than cell type B and C which exhibit an almost linear behavior at applied cell 
voltages from 0.25 V up to 1.5.  
 
Figure 9.1. Nyquist plots for one cell of cell type A- C, respectively, at different 
applied cell voltages, 0.5V (for cell type B and C) and 1.5V (for cell type A-C). 
Conditions: atmosphere= 20 % H2O + 5 % H2 (3.5 % for cell type A) + 20 % CO2 
(40 % for cell type A) balanced with N2, T= 240 ± 3 °C. Black data points indicate 
decades of frequency, ranging from 10
5
 Hz down to 0.1 Hz (from left to 
right). 
 
Figure 9.2. Bar diagram of the average total cell resistance (Rtot), serial resistance 
(Rs) and the electrode polarization resistance (Rp) for three cells of each cell type (A-
C). Conditions: atmosphere= 20 % H2O + 5 % H2 (3.5 % for cell type A) + 20 % 
CO2 (40 % for cell type A) balanced with N2, T= 240 ± 3 °C.  
Chapter 9                Cell development 
130 
 
 
Figure 9.3. Cyclic sweep measurements for cell type A - C using a scan rate of 50 
mV s
-1
. Conditions: atmosphere= 20 % H2O + 5 % H2 (3.5 % for cell type A) + 20 % 
CO2 (40 % for cell type A) balanced with N2, T= 240 ± 3 °C.  
 
Figure 9.4 show results from cyclic sweep measurements with 25 mV∙s-1 performed 
on cell type A and C with applied cell voltage ranging from 0.0 - 1.5 V for cell type A 
and from 0.0 - 4.0 V as well as 0.0 – 2.6 V for cell type C. The cyclic sweep curve for 
Cell type A showed  an initial increase followed by a decrease in current density as the 
applied cell voltage was changed from 0.0 - 0.25 V, and thereafter follows a flat region, at 
applied cell voltages of 0.25 - 0.7 V, were the current stays constant at 3 mA∙cm-2. The 
current density increased, again, as the applied cell voltage was increased from 0.7 V up 
to 1.5 V, with a small plateau seen at applied cell voltages of 0.8 - 1.0 V. The current 
density for cell type C, shown in Figure 9.4 (middle) increased as the applied cell voltage 
was increased from 0.0 to 3.6 V where the increase leveled of and started to decrease 
shortly after. The current density continued to decrease as the applied cell voltage was 
further increased up to 4.0 V. The CV measurement performed, on another cell of cell 
type C, up to 2.6 V in applied cell voltage showed an increase in the current density all 
the way up to 2.6 V.  
Figure 9.4 also shows iRs- corrected curves; this correction was performed using 
Equation 9.1. iRs- corrected measurements show the total electrode polarization, |ηtot| (i.e. 
ohmic losses, using Rs retrieved from impedance measurements, have been subtracted 
from the measured data). 
 
                                        (9.1) 
 
The current started to level off for all three cells as the total electrode polarization, 
|ηtot|, exceeded 0.7 – 0.8 V. The first two cells (Figure 9.4, top and middle) showed a 
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steep increase in the current slope as |ηtot| exceeded 1.05 V whereas the last cell (Figure 
9.4 bottom) only reached the start of the slope change when |ηtot| reached 1.2 V. The 
following Rs values were used for the iRs-correction: 2.75 Ω∙cm
2
 for cell type A, 3.63 
Ω∙cm2 for cell type C (measured up to 4.0 V in applied cell voltage) and 3.05 Ω∙cm2 for 
cell type C (measured up to an applied cell voltage of 2.6 V). 
Electrochemical impedance spectroscopy measurements before and after the cyclic 
sweep measurement of cell type C (Figure 9.5, top and bottom) show how the impedance 
was affected by the high applied cell voltage (4.0 V) and 2.6 V, respectively). The serial 
resistance decreased from 3.6 to 3.3 Ω∙cm2 comparing measurements performed before 
and directly after the cyclic sweep measurements up to 4.0 V in applied cell voltage. The 
serial resistance increased to 3.7 Ω∙cm2 after being held at open circuit conditions for 17h 
30 minutes, see Figure 9.5 (top), and was thereby not significantly changed by the high 
applied voltage. The polarization resistance increased comparing results before and 
directly after the cyclic sweep and continued to increase after 17h 30 min at open circuit 
conditions, see Figure 9.5 (top). The serial resistance for the cell measured up to 2.6 V in 
applied cell voltage was not affected, but its polarization resistance was increased, see 
Figure 9.5 (bottom). The increase in Rp was larger for the cell measured all the way up to 
4.0 V in applied cell voltage than it was for the cell measured up to 2.6 V in applied cell 
voltage.  
 
Figure 9.4. Cyclic sweep measurements performed on cell type A and C at applied 
cell voltage ranging from 0.0 - 1.5 V (top) for cell type A and from 0.0 - 4.0 V 
(middle) as well as 0.0 – 2.6 V (bottom) for cell type C (using a sweep rate of 25 mV 
s
-1
). Red curve = as measured results (after area correction), Brown curve= iR- 
corrected. Atmosphere: 20 % H2O, 5.5 % H2, 20 % CO2 balanced with argon, T= 240 
± 3 °C. Note the different scale on the y-axis. 
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Figure 9.5. Nyquist plots of cell type C, Top: measurements were carried out before, 
1 min after and 17h 30 min after the cyclic sweep measurement, presented in Figure 
9.4. Bottom: measurements were carried out before and 1 min after the cyclic sweep 
measurement, presented in Figure 9.4.  Atmosphere: 20 % H2O, 5.5 % H2, 20 % CO2 
balanced with argon, T= 240 ± 3 °C. Black data points indicate decades of frequency, 
ranging from 10
5
 Hz down to 0.1 Hz (from left to right). Note the difference in scale 
on the axis.  
9.3.2 Microstructure  
Figure 9.6, left and middle, shows the microstructure of cell type B prior to testing. Cell 
type A was prepared using the same cathode and electrolyte as cell type B, thus it had a 
similar microstructure. Figure 9, right, shows the copper particles that were used as 
catalysts in the cathodes. The area with large pores (lower part) in the left micrograph is 
the cathode. The large crystals shown in the middle micrograph are CsH2PO4, and the 
small particles are copper catalyst particles. It can also be seen that the ionic conducting 
CsH2PO4 is covered with the electrocatalyst and electronic conductor, copper. The copper 
particles were shown to be in the range of 100 – 400 nm in size with the majority of the 
particles within 200 – 300 nm. The particles were spherical, but with steps and islands 
covering the surface, see Figure 9.6 (right). SEM micrograph shown in Figure 9.6 (left) 
shows good adhesion between electrodes and the cathode for cell type B (and A) prior to 
electrochemical testing. Cell type C had poor mechanical stability and flakes from the 
cathode surface fell off during sample preparation prior to electrochemical testing. This in 
turn made it hard to accurately determine the thickness of these cathodes, but it was by 
SEM determined to be 60 ± 20 µm.  
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Figure 9.6. SEM of: the cathode- electrolyte interface (left, fractured surface, 
backscatter detector), the cathode microstructure prior to testing of cell type B, cell 
type A had a similar cathode microstructure, (middle, fractured surface, backscatter 
detector) and cathode catalyst, copper particles (right, In-lens/ SE detector). 
Figure 9.7 shows post mortem micrographs of cell type B and C. Voids were formed, 
in cell type B, in the electrolyte in close vicinity of the cathode; see Figure 9.7 a) and b). 
This process was fast and Rp for cells of type B was dramatically increased within the 
first few hours of testing. This phenomenon occurred regardless if the cell was tested 
electrochemically or if it was exposed to the same conditions as the tested cells, i.e. 
temperature, humidity and gas compositions, without having any current drawn though 
the cell. The electrolyte of cell type C in Figure 9.7, c) and d), appears to be less 
crystalline than the not tested electrolyte showed in Figure 9.6 (cell type B). Cell type A 
and C did not exhibit these large voids after electrochemical testing at maximum applied 
cell voltages of 1.5 V, although small holes were found within the electrolyte. Apart from 
the small holes were also small cracks seen in the electrolyte of cell type C after testing, 
as shown in Figure 9.7 d.  
Cell type C was brittle after the test with high applied cell voltages (presented in 
Figure 9.4 and 5) and the cathode was almost completely delaminated whereas the anode 
was incorporated in the electrolyte. Platinum particles were found all the way to the 
centre of the electrolyte, see Figure 9.7 e) and f). The electrolyte thickness decreased 
from 635 ± 10 µm to 575 ± 25 µm, during the test. It was also found that large holes were 
formed in the electrolyte.  
One could expect to see a clear difference in contrast between CsH2PO4, copper and, 
platinum (due to their weight difference) since a backscatter detector was used, compare 
micrographs in Figure 9.6 and 9.7. This is not the case, and could be explained by the fact 
that the microstructure was investigated at fractured (uneven surface) samples which can 
cause an overlap in the contrast of the different phases due to the influence of the 
topography [25].  
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Figure 9.7. Four cross-section SEM micrographs (fractured surfaces, backscatter 
detector) of the cathode- electrolyte interface of some fractured samples. a) untested 
cell of type B that has seen operating conditions, b) tested cell of type B. c) long term 
tested cell of type C, d) same cell as bottom left with a higher magnification, e) cell 
type C after testing at high applied cell voltages f) middle of the electrolyte, cell type 
C, after testing at high applied cell voltages. The anode is pointing upwards and the 
cathode is pointing downwards.  
9.3.3 Long term durability test of cell type C at low applied cell voltages 
One cell of cell type C was tested for a longer period of time (> 100 h), at both open 
circuit conditions and low applied cell voltages (up to 1.0 V). Figure 9.8 shows how the 
current density varied with time and applied cell voltage, and Figure 9.9 shows Nyquist 
plots of impedance measurements performed at the different conditions. The measured 
current density was 82.7 ± 0.5 mA∙cm-2, 150.5 ± 1.0 mA∙cm-2, 220.2 ± 2.0 mA∙cm-2 and 
78.9 ± 0.5 mA∙cm-2 at 0.5 V, 0.75 V, 1.0 V and 0.5 V in applied cell voltage, respectively. 
The current density decreased by 4.6 % comparing the first to the last 10 h measurement 
performed at 0.5 V in applied cell voltage, see Figure 9.8. Comparing EIS Data for Rtot, 
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Rp and Rs (Figure 9.10) at an applied cell voltage of 0.5 V before and after the 
measurements showed that Rp increased with 35 % (from 1.20 ± 0.06 to 1.62 ± 0.081 
Ω∙cm2) while Rs decreased 5.4 % (from 2.65 ± 0.13 to 2.53 ± 0.13 Ω∙cm2), giving a Rtot 
increase of 7.1 % (from 3.87 ± 0.19 to 4.15 ± 0.21 Ω∙cm2).  
 
Figure 9.8. Results from chronoamperometric measurements performed for 10 hours 
at each applied cell voltage (0.5 V, 0.75 V, 1.0 V and 0.5 V) for a cell of type C. 
Conditions: 20 % H2O + 5 % H2 + 20 % CO2 + 55 % N2, T= 238 ± 1 °C. 
 
Figure 9.9.  Nyquist representation of EIS measurements performed every two hours 
during long term chronoamperometric measurements, times denoted in the labels 
represent hours after start of the experiments. Top left: Applied cell voltage of 0.5 V, 
top right: Applied cell voltage of 0.75 V, bottom left: Applied cell voltage of 1.0 V, 
bottom right: Applied cell voltage of 0.5 V, Conditions: 20 % H2O + 5 % H2 + 20 % 
CO2 + 55 % N2, T= 238±1 °C. Black data points indicate decades of frequency, 
ranging from 10
5
 Hz down to 0.1 Hz (from left to right). 
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Figure 9.10. Total cell resistance, serial resistance and electrode polarization 
resistance for measurement showed in Figure 9.9 and additional measurements 
performed with applied cell voltages of 0.5 V before each chronoamperometric cycle 
presented in Figure 9.8. Error bars indicate a 5% error.  
9.3.4 Gas analysis 
The ionic current was continuously recorded for a number of molecular weights (2 (H2), 
15 (CH3
+
), 16 (CH4, O
2+
), 18 (H2O), 28 (N2, CO, C2H6), 29 (fragments from C3H8), 32 
(O2) and 44 (CO2)) using a mass spectrometer. Measurements were performed at applied 
cell voltages of 0.0 V up to 1.5 V for 30 minutes at each step. The ionic currents remained 
constant regardless if the cell (of cell type C) was running with an applied cell voltage or 
kept at open circuit conditions, meaning that no new products or concentration changes in 
the test atmosphere were recorded.  
9.4 DISCUSSION  
9.4.1 Serial resistance and microstructure 
The serial resistance of the three cell types should in theory be the same. This since they 
were prepared to have the same electrolyte thickness, although, a minor variation could 
be expected due to the usage of electrodes with different thickness and percolation. 
Indeed, cells of type A and C showed similar Rs, in good agreement with that statement 
above, whereas cells of type B showed higher Rs than cell type A and C. The following 
parameters were considered for estimation of the serial resistance: electrolyte thickness of 
635 µm and a conductivity of 20 mS∙cm-1 [16], electrolyte density of 90 % (geometric 
density, measured prior to electrochemical tests) as well as electrode thicknesses of 150 
and 60 µm for the anode and cathode, respectively. The theoretical Rs were estimated to 
be 2.0 ± 0.1 Ω∙cm2. The measured Rs were higher than that for all tested cells, as seen in 
Figure 9.3.  One reason for this could be bad percolation for the ionic and the electronic 
phases in the electrodes. Another reason would be a contribution from the interface 
between the electrodes and the meshes used for current collection, i.e. contact resistance.   
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The high Rs measured for cell type B can be explained by the micrographs in Figure 
9.5 (a and b). Clearly, these cells had poor ionic paths through the electrolyte due to the 
formation of voids and holes in close vicinity of the cathode. EIS measurements showed 
that the serial resistance (and the polarization resistance) increased several orders of 
magnitude within the first hours at operating conditions. Figure 9.5 (a) revealed that these 
voids were formed regardless if the cells were tested electrochemically or not, concluding 
that it was a thermally activated process. The mechanism behind the void formation is not 
fully understood. Strains and stresses induced to the electrolyte, due to sintering and 
thereby contraction of the electrodes, can be one reason to the formation of cracks and 
voids. The Pt-C paper anodes (used in cell type A) were, in contrast to the harder anodes 
used in cell type B and C, soft and flexible. Therefore cells of type A were less affected 
by sintering than cells of type B. Addition of carbon black to the cathodes used in cell 
type C had a dramatic influence on the cells, not only the decrease in Rp, but even more 
significant on the cell stability at both open circuit conditions and under constant load.  
The microstructure of the electrolyte in cell type C was completely changed after 
testing at high applied cell voltages (up to 4.0 V). Compare Figure 9.5 (c) a cell tested for 
an extended period of time at milder conditions (applied cell voltages up to 1.0 V) to the 
cell tested at high applied cell voltages presented in Figure 9.5 (e). It is well known that 
CsH2PO4 has a limited thermal stability and dehydrates as the temperature is increased to 
approximately 250 °C, at a pH2O = 0.20 atm, see Chapter 7.3 or [16]. The high current 
densities achieved at high applied cell voltages will lead to a temperature increase of the 
cell, joule heating, and this can perhaps be enough to induce partial dehydration leading 
to formation of bubbles inside the electrolyte. The change in the electrolyte 
microstructure could perhaps also be due to the high voltage, i.e. the decomposition 
voltage of CsH2PO4 could have been exceeded. Thermodynamic data for the 
decomposition voltage of CsH2PO4 have not been found. These observations suggest that 
the window for safe operation is narrow, if it is at all possible to operate cells of cell type 
C at electrode overpotentials larger than ~1.0 V. 
9.4.2 Electrochemical performance 
The current density at a given potential, determined by cyclic sweep measurements, was 
higher for cell type C than it was for cell type A and B. The measured current density was 
in turn higher for cell type B than for cell type A (see Figure 9.3). The main reason for 
this improvement was due to a decrease in Rp. The anodes used in cell type B and C, 
which were composites, allowed the oxidation reaction to take place at more sites, 
compared to the anode in cell type A where it only could occur at the interface between 
the electrolyte and the Pt- carbon paper. Addition of carbon black to the cathode had an 
influence on the electrode resistance, but also on the stability of the cells. The decrease in 
the electrode resistance was most probably an effect from an increased electronic 
conductivity and a better distribution of the electronically conducting phase in the 
cathode. Carbon black is known to exhibit high electronic conductivity [26]. Thus, the 
current density was increased at a given applied cell voltage. The discussion above 
correlates well with observations reported by Tanner et al. [27]. They described that the 
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charge transfer resistance in gas diffusion electrodes is decreased with an increased 
number of active sites at the three phase boundaries. 
The total resistance of cell type C increased with 4.6 % and 7.1 % comparing the 
initial current density and Rtot with values obtained after more than 40 hours of operation 
at applied cell voltages ranging from 0.5- 1.0 V. Chisholm et al. [18] have reported results 
for a solid acid fuel cell that was operated at 150 mA∙cm-2 for 35 hours using reformate 
gas (20 % CO, 2 % CO2, 50 % H2 balanced with N2) at the anode (Pt- CsH2PO4 
composite electrode) without severe degradation. These results and the results obtained 
from this study shows that CO2 (and CO formed by CO2 – CO equilibrium) does not 
cause any immediate and severe deactivation of the electrocatalysts (platinum and 
copper) at these conditions, even though CO is known to poison platinum electrodes used 
in PEM and phosphoric acid fuel cells [28,29]. This can possibly be explained by the high 
operating temperature. It has been shown that an increased operating temperature increase 
the CO tolerance for platinum electrodes in both PEM cells and phosphoric acid fuel cells 
operated at temperatures below 200 ºC [28,29]. 
9.4.3 Electrode reactions 
Measurements with a mass spectrometer connected to the test rig were performed in order 
to identify changes in the gas atmosphere as the cells were operated under applied cell 
voltages of 0.5 - 1.5 V. Throughout the whole series of measurements no concentration 
changes or new compounds were detected during the measurements with the mass 
spectrometer connected to the test setup. There can be several reasons for this. Firstly, 
that the cell was only tested at relatively low applied cell voltages giving low 
overpotentials at the cathode. Low overpotentials have shown to favor hydrogen 
evolution in several studies [4,30]. Hydrogen evolution was not possible to detect in the 
single atmosphere configuration since this would mean that the cell functions as a 
hydrogen pump, oxidizing hydrogen at the anode and reducing protons to hydrogen at the 
cathode and thereby keeping the overall hydrogen concentration in the test chamber 
constant. Another reason could be that the detection limit of the MS was not sufficiently 
low (app 100 ppm) and therefore not able to detect low concentrations of any compound 
present in concentrations lower than 100 ppm.  
EIS measurements were performed with and without CO2 in the surrounding 
atmosphere at applied cell voltages of 0.5, 1.0 and 1.5 V. The measured impedance was 
the same, as described in the Section 9.3.4, regardless if CO2 were present or absent in the 
gas atmosphere at all applied cell voltage. This indicates that CO2 was inert at these 
applied voltages. These results are in good agreement with the results from the 
measurements using the MS. Combining these trends makes it fair to assume that the 
main cathode reaction during these measurements can be explained by Reaction 9.2: 
 
                 (9.2) 
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Cyclic sweep measurements gave rise to a change in the slope of the current density 
versus |ηtot| curves as |ηtot| exceeded ~1 V, see Figure 9.4 (top and middle). Earlier studies 
have shown that electrochemical reduction of CO2 starts at cathode overpotentials more 
negative than approximately -0.9 vs. NHE. It is also worth to note that the Faradaic 
efficiency for hydrogen evolution decreases from 80- 90 % towards 0- 10 % as the 
cathode overpotential is changed from -1.0 towards -1.5 V vs. NHE [4,30]. However, it 
should also be pointed out that the overpotentials measured in this study cannot be 
directly compared to overpotentials reported in the literature (i.e. V vs. NHE ≈ SHE), for 
two reasons. Firstly, since the correlation between the cathode and the anode 
overpotentials is unknown and secondly since the correlation between the cathode 
overpotential and SHE is unknown. This is pointing out the need for additional 
measurements using a three-electrode setup, which allows for individual characterization 
of the anode and the cathode overpotentials, respectively. 
9.5. CONCLUSIONS AND OUTLOOK  
The first tests of solid acid based electrochemical cells using copper- based cathodes and 
platinum- based anodes were conducted at an operating temperature of 240 ºC with CO2 
and H2 containing atmosphere. The aim of the tests was to identify promising electrode 
compositions and to collect initial results on the cell performance, with respect to 
electrochemical reduction of CO2. 
Three types of cells were fabricated and characterized. All cells had platinum based 
anodes and copper based cathodes. Two differently prepared platinum based anodes, as 
well as two differently prepared copper based cathodes were tested in the three cells. The 
cell type which gave the highest current density at a given applied cell voltage showed 
only minor degradation (7.1 % comparing the total resistance in the beginning and in the 
end of the test) when it was operated for more than 40 h at applied cell voltages up to 1.0 
V (corresponding to total electrode overpotential, |ηtot|, < 0.5 V). The average initial cell 
resistance for this type of cell was 3.7 ± 0.7 Ω∙cm2 and the average electrode polarization 
resistance was 1.1 ± 0.1 Ω∙cm2. The cells did not show a satisfactory stability when |ηtot| 
exceeded 1.0 V.  
Mass spectrometry, electrochemical impedance spectroscopy as well as cyclic sweep 
measurements were conducted in order to evaluate the cell performance with respect to 
electrochemical reduction of CO2, but no evidence for reduction of CO2 was found, thus it 
was concluded that hydrogen evolution was the dominating cathode reaction at low 
applied cell voltages (< 1.0 V). This made the cell to act as a hydrogen pump. 
Furthermore, the results indicate that there is a need for more detailed electrode studies in 
order to find how the overpotential and polarization resistance at the separate electrodes 
depend on the applied cell voltage and the surrounding gas atmosphere. 
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CHAPTER 10 
 
CHARACTERIZATION OF COPPER- AND PLATINUM- BASED 
ELECTRODES FOR ELECTROCHEMICAL CELLS OPERATING 
AT 240 °C 
This chapter aims to give a detailed description of the electrochemical behavior for Pt- 
based anodes and Cu- based cathodes operating at 240 °C in CO2 containing atmospheres. 
Results obtained in Chapter 9 suggested that more detailed analysis of individual 
electrode characteristics was needed in order to evaluate if the proposed cell concept can 
be used for electrochemical reduction of CO2. The study consists of both full cell 
measurements (in a single atmosphere setup) and individual measurements of the two 
electrodes, using a three-electrode setup. 
ABSTRACT 
Electrochemical impedance spectroscopy and cyclic sweep measurements have been 
conducted on two CsH2PO4 based electrochemical cells; in 20 % H2O + 5 % H2 + 20 % 
CO2 + 55 % N2 and 20 % H2O + 5 % H2 + 75 % N2 at a temperature of 240 °C. One cell 
was equipped with a Pt- reference electrode allowing for individual measurements on the 
anode and the cathode. Copper was used as the cathode electrocatalyst and the cathode 
showed a decrease in polarization resistance (Rp, cathode) at increased applied current 
densities. Rp, cathode decreased from 1.90 Ω∙cm
2
 to 1.13 Ω∙cm2 as the applied current 
density was increased from 23 - 79 mA∙cm-2. Also the platinum based anode was seen to 
be electrochemically activated. The anode showed an inductive contribution at low 
frequencies. The inductive anode contribution made the total cell polarization resistance 
smaller than the cathode polarization resistance alone, namely 0.84 Ω∙cm2 compared to 
1.13 Ω∙cm2 measured for the cathode at an applied current density of 79 mA∙cm-2. Current 
densities of 400 mA∙cm-2 were achieved (for the cell without a reference electrode) at 
applied cell voltage of 1.5 V, corresponding to a total electrode polarization, |ηtot|, of 0.4 
V. No differences were recorded in the cathode polarization resistance regardless if CO2 
was present in the gas mixture or not. This strongly suggested that CO2 did not take part 
in any electrochemical reaction. 
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10.1. INTRODUCTION  
Just as mentioned in Chapter 2 and 9 copper is for the moment considered as the most 
promising electrocatalyst for electrochemical reduction of CO2 (at least at low and 
intermediate temperatures). Carbon monoxide, methane, ethane, formic acid as well as 
alcohols have been reported as products appearing during CO2 reduction at low 
temperatures (0- 50 °C). In all cases aqueous inorganic salt solutions have been used as 
the electrolyte [1-6]. The product distribution is largely dependent on the overpotential at 
the negative copper electrode. Hydrogen has been reported as the main product at lower 
overpotentials whereas CO, hydrocarbons and alcohols are formed as the cathode 
overpotential is more negative than approximately -0.9 V vs. NHE [1,7]. Reactions 10.1 - 
10.5 show five possible cathode reactions. Reactions 10.1 - 10.4 are all desired reactions 
whereas Reaction 10.5 is undesired (hydrogen evolution).  
 
       
                    (10.1) 
       
                    (10.2) 
       
                     (10.3) 
      
                    (10.4) 
                 (10.5) 
 
Platinum is a well known hydrogen oxidation catalyst (Reaction 10.6 see below) 
utilized in various types of electrochemical cells [8-11], but can also oxidize H2O forming 
protons according to Reaction 10.7. Platinum is for example often used as an 
electrocatalyst in PEM fuel cells and has been extensively characterized using a number 
of different techniques, for example electrochemical impedance spectroscopy and cyclic 
voltammetry. One major drawback with the use of platinum, apart from the high material 
cost, is its sensitivity towards CO poisoning. Nevertheless, it has also been reported that 
CO poisoning of platinum electrodes becomes less pronounced as the operating 
temperature is increased [10,12].  
 
      
            (10.6) 
       
  
 
 
     
   (10.7) 
 
It was concluded in Chapter 9 that there was a need for more detailed 
characterization of the platinum based anode and the copper based cathodes that were 
used in the cell which exhibited the lowest cell resistance. This chapter aims to answer 
some of the mechanistic questions that remained unanswered after the study presented in 
Chapter 9, namely: 
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 How does the presence of CO2 affect the polarization resistance of the 
Cu- based cathode?  
 Is it possible to electrochemically reduce CO2 using the cell concept and 
the conditions evaluated in Chapter 9, i.e. Cu- based cathodes at low cell 
polarization (were the cell is stable) and 240 
o
C? 
 Which electrode that has the largest contribution to the total polarization 
resistance and how they contribute to the total electrode polarization? 
 How the Pt- based anode is affected by the presence of CO2 (and CO 
through CO2 ↔ CO equilibrium), with respect to stability and the 
polarization resistance?  
10.2. EXPERIMENTAL 
10.2.1 Materials and cell fabrication  
CsH2PO4 was synthesized following a similar procedure as has been reported by Boysen 
[13]. 15.00 g of Cs2CO3 (Alfa Aesar, 99 % metal basis) was weighed up in a beaker and 
6.60 ml of H3PO4 (Sigma Aldrich, 85 wt% H3PO4 in H2O, 99.99 % trace metal basis) was 
slowly added. De-ionized water (Millipore, 18.2 MΩ) was added under stirring until the 
Cs2CO3 was completely dissolved (approximately 15 ml). Precipitation of CsH2PO4 was 
induced by quick addition of methanol to the solution. The powder was then vacuum- 
filtered and washed three times with methanol before it was heat treated at 90 °C for 18h.  
The anodes used for the two cells consisted of CsH2PO4, Pt- black (Alfa Aesar, S.A. 
nominally 27 m
2
/ g, HiSPEC
TM
 1000), Pt- supported on carbon (Alfa Aesar, nominally 50 
% on carbon black, HiSPEC
TM
 8000) and naphthalene (Sigma Aldrich, 99+%, 
Scintillation grade) thoroughly mixed in a weight ratio of [3:3:1:0.5]. These electrodes 
have earlier been described by Uda et al. [14]. The cathode mixture was prepared in a 
similar manner, but using CsH2PO4, copper particles (0.2-0.3 μm, Alfa Aesar, 99 % metal 
basis), naphthalene (Sigma Aldrich, 99+ %, Scintillation grade) and carbon black (Alfa 
Aesar, 50% compressed, 99.9+% metal basis). The cathode had a final composition of 
[CsH2PO4:Copper:Naphthalene:C-black] equal to [3:3:0.5:0.5] by mass. The particle size 
of naphthalene was reduced by ball-milling for 1h at 50 rpm using dense ZrO2 balls (ø = 
10 mm) prior to addition to the electrode mixtures. Electrolyte and electrode mixtures 
used in this study were the same as the ones used for cell type C in Chapter 9. 
The cells were prepared by co-pressing of all three layers in one step using 390 MPa 
pressure for 30 s (Compac, MP 25-1) this procedure has earlier been described in Chapter 
9 and by Hallinder et al. [15]. The electrode area was 0.44 cm
2
. The cell edges were 
polished prior to electrochemical tests in order to avoid short circuits. Two types of cells 
(Figure 10.1) were prepared; the first one having a thin electrolyte (app 635 µm) and a 
second one was prepared using a thicker electrolyte (3.20 mm). A small notch was made 
at half the electrolyte height of the cell with the thick electrolyte. A 0.20 mm thin 
platinum wire was attached in the notch and used as a reference electrode, thereby, 
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allowing for electrochemical impedance spectroscopy measurements of the anode and the 
cathode, individually. 
 
Figure 10.1. Two photographs of the two cell types after electrochemical testing. 
Left: a two electrode cell. Right: a cell with a reference. The anode (platinum- 
CsH2PO4 electrode) is turned upwards for both cells. Scale bar = 11 mm.  
10.2.2 Electrochemical characterization 
Electrochemical tests were performed using a single atmosphere setup, i.e. the cell sample 
holder was placed in an open container where both electrodes are exposed to the same 
atmosphere. The cells were tested at a temperature of 240 ± 3 °C and in two different 
atmospheres, consisting of 20 % H2O + 5 % H2 + 20 % CO2 + 55 % N2 or 20 % H2O + 5 
% H2 + 75 % N2. Electrochemical measurements were performed using a Gamry 
Instruments, Reference 600 Potentiostat/ Galvanostat/ ZRA. Cyclic sweep measurements 
were carried out at 0 - 1.5 V in applied cell voltage for both cell types. The cell with a 
reference electrode was further analyzed using galvanostatic electrochemical impedance 
spectroscopy, EIS. EIS measurements were carried out at applied (constant) current 
densities ranging from 23 - 79 mA∙cm-2. An amplitude of 1 mA was applied during EIS 
measurements and EIS data were recorded in a frequency range of 100 kHz to 1 Hz (some 
measurements only down to 3 Hz) for the full cell and the cathode, whereas the anode 
impedance was measured from 20 kHz to 1 Hz. All EIS measurements were carried out 
from high to low frequencies. Analysis of impedance data were performed using 
impedance transforms in Ravdav [16]. All EIS data were validated by a linear Kramers- 
Kronig test implemented in the Ravdav software [17,18].  
10.3. RESULTS  
10.3.1 Initial cell performance 
Results from cyclic sweep measurement from 0.0 up to 1.5 V in applied cell voltage are 
presented in Figure 10.2 (as measured data). It was clear that the cell without a reference 
electrode, having a thinner electrolyte, showed higher current densities, i at a certain 
applied cell voltage.  The current density as a function of iRs- corrected voltage is plotted 
in Figure 10.2. iRs- corrected voltages (total electrode polarization, |ηtot|) were calculated 
using Equation 10.8. It can be seen in Figure 10.2 that i vs. |ηtot| curves showed a similar 
response, but with lower current densities for the cell with a thick electrolyte. Figure 10.1 
shows two photographs of the cells after the electrochemical test. The cells remained their 
shape and size after the test. The initial serial resistance, Rs, for the cell without a 
reference electrode (thin electrolyte) was measured to be 2.7 Ω∙cm2 whereas Rs for the 
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cell with a reference (thick electrolyte) electrode was 14.2 Ω∙cm2. The cell with a thin 
electrolyte reached over 400 mA∙cm-2 at an applied cell voltage of 1.5 V, which 
corresponds to a |ηtot| of 0.4 V. The cell with a thick electrolyte reached a current density 
of 88 mA∙cm-2 at an applied cell voltage of 1.5 V, which corresponds to a |ηtot| of 0.26 V. 
 
                  (10.8)  
 
where |ηtot| corresponds to the total electrode polarization, Vappl is the applied cell voltage, 
i is the measured current and Rs is the serial resistance of the cell. 
 
Figure 10.2. Current density versus applied cell voltage (as measured data, full lines) 
and for iRs- corrected data (dashed lines), for one cell with a reference electrode 
(brown color) and one cell without a reference electrode (orange color). Conditions: 
20 % H2O + 5 % H2 + 20 % CO2 balanced with N2, T= 240 ± 3 °C.  
10.3.2 Detailed electrode characterization 
The DC-voltage was measured before each frequency during all galvanostatic EIS 
measurement and Figure 10.3 show the measured DC-voltage for each applied current 
density for the anode, the cathode and the full cell. It can be seen that the measured DC 
voltage increases linearly with increasing applied cell voltage for the anode, cathode and 
the full cell, respectively. The DC- voltages that were measured for applied currents 
densities of 23 – 79 mA∙cm-2 are in good agreement with data reported in Figure 10.2 (for 
the cell with a reference electrode). No difference in the measured DC-voltage was seen 
regardless if the measurements were carried out in a CO2 containing atmosphere or not. 
Further, Figure 10.3 shows that the measured DC-voltage was the same regardless 
whether it was measured in the beginning or in the end of each EIS measurement. 
Another observation that can be done from Figure 10.3 is that the measured DC-voltage 
of the full cell correspond to the sum of the measured voltage of the anode and the 
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cathode, making it clear that the platinum reference electrode did not add any significant 
resistance to the single electrode EIS measurements.  
 
Figure 10.3. Applied current density vs. the measured DC potential for the full cell, 
as well as for the cathode and the anode impedance, respectively. Conditions: with 
CO2= 20 % H2O + 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O 
+ 5 % H2 balanced with N2, T= 240 ± 3 °C.  
Figures 10.4 - 10.6 present Nyquist plots of results from EIS measurements 
performed on the full cell (presented as anode + cathode contribution), the cathode 
(copper electrode) and the anode (platinum electrode) after correction for the cell area and 
subtraction of Rs. Rs was retrieved and deducted individually using Rs- values retrieved 
from EIS measurements performed at each applied current density. Subtraction of the Rs 
was performed for easier comparison of EIS data. This since Rs changed (between 12.8 to 
13.2 Ω∙cm2) when the applied current density was changed. The initial Rs was measured 
to be 14.2 Ω∙cm2, but it was decreased and stabilized at 13.0 ± 0.2 Ω∙cm2 after a few 
hours at operating conditions. The Rs subtracted from the EIS measurements, presented in 
Figures 10.4 – 10.6, were individually determined for each applied current density. The 
subtracted values varied between 12.8 - 13.2, 6.6 - 7.0 and 6.1 - 6.3 Ω∙cm2 for the full 
cell, anode and cathode, respectively.  
The total polarization resistance (Rp,total), i.e. for both electrodes (anode + cathode), 
was decreased from 2.05 to 0.84 Ω∙cm2 as the applied current density was increased from 
23 - 79 mA∙cm-2, see Figure 10.4. Figure 10.5 shows that the cathode polarization 
resistance was the main contribution to the Rp,total in the whole range of applied current 
densities (23 - 79 mA∙cm-2). The cathode polarization resistance decreases from 1.90 to 
1.13 Ω∙cm2 as the applied current density was increased from 23 - 79 mA∙cm-2. The anode 
impedance showed an inductive contribution at low frequencies, see Figure 10.6. This 
inductive loop increased as the applied current density was increased. It became larger 
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than the capacitive part of the impedance response at applied current densities larger than 
45 mA∙cm-2. This activation of the anode made the total polarization resistance for the 
tested cell to be smaller than the measured cathode impedance alone, compare impedance 
plots in Figure 10.4 and Figure 10.5. The EIS measurements showed, just as the measured 
DC-voltage, similar results regardless if the measurements were carried out with or 
without CO2 in the surrounding atmosphere.  
The validity of all EIS measurements was analyzed by performing a Kramers -Kronig 
test on the measured data. A Kramer- Kronig test indicates whether or not the data are 
stable (during the measurement) [17,18]. All measurements in this study fulfilled these 
requirements and had an estimated error of less than 1 %. The error was randomly 
scattered over the whole frequency range, the impedance data can therefore be considered 
as reliable.  
 
Figure 10.4. Nyquist representation of the electrode impedance after subtraction of 
Rs for measurements at applied current densities of 23- 79 mA∙cm
-2
. Conditions: with 
CO2= 20 % H2O + 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O 
+ 5 % H2 balanced with N2, T= 240 ± 3 °C. 
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Figure 10.5. Nyquist representation of the cathode impedance after subtraction of Rs 
for measurements at applied current densities of 23- 79 mA∙cm-2. Conditions: with 
CO2= 20 % H2O + 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O 
+ 5 % H2 balanced with N2, T= 240 ± 3 °C.  
 
Figure 10.6. Nyquist representation of the anode impedance after subtraction of Rs 
for measurements at applied current densities of 23- 79 mA∙cm-2. Conditions: with 
CO2= 20 % H2O + 5 % H2 + 20 % CO2 balanced with N2, without CO2 = 20 % H2O 
+ 5 % H2 balanced with N2, T= 240 ± 3 °C.  
ADIS was performed on EIS measurements presented in Figures 10.4 – 10.6 using 
measurements performed at applied current densities of 23 mA∙cm-2 as the reference 
spectra from which the other spectra were subtracted. It can be seen in Figure 10.7 that 
the anode impedance decreased at frequencies lower than 200 Hz, whereas the 
contribution at higher frequencies was unaffected as the applied current density was 
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increased (disregarding from the scattered data points at frequencies above 2 kHz). The 
cathode impedance increased with increased applied current density at low frequencies (f 
< 20 Hz), decreased at intermediate frequencies (20 Hz < f < 6 kHz) and was unaffected 
at frequencies higher than 6 kHz. The behavior of the full cell was seen to fit the behavior 
of a summation of the anode and the cathode response. 
 
Figure 10.7. ADIS analysis performed on the anode, the cathode as well as the total 
electrode impedance using the measurements performed at 23 mA∙cm-2 as initial 
reference measurement. Conditions: 20 % H2O + 5 % H2 + 20 % CO2 balanced with 
N2, T= 240 ± 3 °C.  
Figure 10.8 shows the overpotential for each electrode (ηanode and |ηcathode|) as well as 
the total electrode polarization, |ηtot|. The measured DC voltage did, as presented in Figure 
10.3, increase linearly with increased applied current densities for the anode and the 
cathode. The overpotential has been calculated from these data by subtraction of the 
voltage drop that occurs over the electrolyte, iRs,x- correction, according to Equation 10.9.  
 
                                                      (10.9) 
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Where Rs,x denotes the serial resistance from the reference electrode to the investigated 
electrode, i.e. anode, cathode in the case of single electrode measurements and the total 
serial resistance in the case where the total overpotential. VDC,x denotes the measured DC 
voltage for the anode, the cathode and the full cell, respectively, and i correspond to the 
applied current density. 
The absolute value of the cathode overpotential was measured to be almost equal to 
the total electrode polarization increasing from 0.17 V to 0.26 V as the current density 
was increased from 23- 79 mA∙cm-2. The anode overpotential showed a different behavior 
and was seen to go through a maximum at an applied current density of 57 mA∙cm-2. The 
estimated error for these measurement points was between 1 and 2 %. The error was 
estimated to be the same as for the iRs,x in which the error from the Rs,x was the largest 
contribution due to uncertainties in the EIS analysis.  
 
Figure 10.8. Overpotentials (η) for the positive electrode (ηanode), the negative 
electrode (|ηcathode|) and the total electrode polarization (anode +|cathode|) denoted as 
|ηtotal|, measured at applied current densities ranging from 23- 79 mA∙cm
-2
. 
Conditions: with CO2= 20 % H2O + 5 % H2 + 20 % CO2 balanced with N2, without 
CO2 = 20 % H2O + 5 % H2 balanced with N2, T= 240 ± 3 °C.  
10.4. DISCUSSION  
10.4.1 Cathode behavior 
Hori et al. [1] and Gattrell et al. [7] reported that copper electrodes, tested at room 
temperature (using liquid electrolytes), required overpotentials more negative than 
approximately -0.9 V vs. NHE (≈ SHE) before CO2 reduction was initiated. They also 
reported that hydrogen was the main product at less negative electrode potentials. The 
overpotentials measured in this study can be estimated/recalculated into V vs. SHE by the 
Nernst equation (formulated in Chapter 2). For this estimation the activity of the protons 
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was taken as 1, the temperature was set to 240 °C, the pH2 = 0.05 atm and E
0
 = 0 V. This 
gave a voltage difference of approximately 65 mV, thus |ηcathode| measured in this study 
shall be adjusted with ~65 mV, in order to compare with results presented by Hori and 
Gattrell. |ηcathode| was, as presented in Figure 10.8, changed from 0.17 V to 0.26 V as the 
current density was increased from 23 - 79 mA∙cm-2. This corresponds to approximately a 
|ηcathode| of 0.11 – 0.2 V vs. SHE according to the estimated relation presented above. This 
confirms, just as suggested in Chapter 9, that the cathode overpotential in not sufficiently 
negative to reduce CO2. This concludes that hydrogen evolution was most probably the 
main reaction at the cathode for the conditions used in this study as well as in Chapter 9. 
Furthermore, the fact that the electrochemical response was equal for measurements 
performed with and without CO2 in the surrounding atmosphere points in the direction 
that CO2 did not take part in any reaction, at least no electrochemical reaction at the 
cathode. This suggests that none of electrode Reactions 10.1 - 10.4 occurred at the 
conditions used in this test. 
The low cathode polarization resistance shows that copper is a rather good electrode 
material for hydrogen evolution, Reaction 10.5 (see Figure 10.8), but still far from as 
good as platinum. For example Grigoriev et al. reported cathode overpotentials of 
approximately -0.1 V at current densities of 2 A∙cm-2 for a PEM water electrolysis cell 
that was operated at 90 °C [19].  
ADIS was performed on the cathode impedance in order to find out in which 
frequency range differences appeared as the cell was measured at increasing applied 
current densities (Figure 10.7). It was found that electrochemical activation of the cathode 
occurred at intermediate frequencies, from 6 kHz down to 20 Hz, and that the low 
frequency impedance (< 20 Hz) increased with increasing current densities. This suggests 
that the activated process (at intermediate frequencies) corresponded to one or more 
electrochemical reactions, since it was improved by an increased current (and 
overpotential). The fact that the impedance at low frequencies increased as the applied 
current (and overpotential) increased may indicate that this part of the cathode impedance 
originated from increased gas diffusion resistance or mass transfer limitations.  
10.4.2 Anode behavior 
EIS measurements performed on the anode showed two clear contributions, see Figure 
10.6. Firstly, one capacitive semicircle which decreased as the applied current density 
was increased and secondly, an inductive contribution at low frequencies which also was 
activated as the applied current density was increased. The inductive arc became larger 
than the capacitive arc as the current density was increased above 45 mA∙cm-2, this led to 
negative anode impedances. This can be seen in Figure 10.6.  
Earlier EIS studies of platinum electrodes have shown similar inductive behavior and 
several attempts to explain this electrochemically activated phenomenon, have been 
published [20-23]. Ciureanu and Wang report in a study of PEM fuel cells (operated in H2 
and CO) inductive, negative, arcs for Pt-based anodes as the overvoltage is increased. 
Chapter 10                Electrode characterization 
153 
 
They attribute the inductive loop to oxidation of adsorbed CO coupled with hydrogen 
oxidation at the created sites [20]. However, they do not see the inductive loop when they 
measure without CO in the anode gas stream. However, in this study it was present 
regardless if CO2 (and thereby CO from CO2 ↔ CO equilibrium) was present in the gas 
mixture or not. Also Schiller et al. [24] explain inductive electrode impedance as an effect 
of a competitive adsorption of CO and H2 at the electrode surface, leading to a change in 
the active area of the electrode. Dhirde et al. [21] monitored changes in the inductive 
behavior, for PEM cells, when the current density (i.e. cell polarization) was changed. It 
decreased initially as the current was increased, but it started to increase upon further 
elevated current densities. They attribute this to a difference in water partial pressure at 
the two electrodes, but do also mention results from Makharia et al. as possible reasons 
[21]. Makharia et al. [22] and Antoine et al. [23] described this inductive behavior as an 
effect of side reactions and intermediate products adsorbed to the electrode surface, but 
for an oxygen reduction reaction instead of hydrogen oxidation as in this case, which was 
the case in this study.  
One difference between data presented in the literature and the data from this study 
was that the inductive loop started at frequencies below 3 Hz in all literature reports 
whereas it started already at frequencies of about 100 Hz in this study. However, this can 
perhaps be explained by an increased reaction rate, as these measurements were carried 
out at higher temperatures than in the other reports.  
The inductive behavior could also be an effect from a non-stationary system, but this 
is not likely since the measured data did not show any time dependency when analyzed 
with a linear Kronig-Kramer’s transform [17,18]. It is therefore fair to assume that no 
significant temperature changes occurred during the measurements.  
Summarizing, the explanations above make it clear that there can be several reasons 
for the inductive low frequency loop. The measurements in this study were performed in 
a single atmosphere setup and it is therefore not likely that a difference in water partial 
pressure was the reason behind the phenomenon. It is more likely an effect of desorption 
by one or more intermediate species from the platinum surface, leading to an increased 
active area upon increasing applied current densities. Assuming that more intermediates 
will be oxidized (and therefore leave the electrode surface) at higher current densities 
compared with low, i.e. higher currents gives a larger electrode area, which in turn led to 
the decrease in polarization resistance. 
10.4.3 Full cell behavior 
The two types of cells showed a large difference in current density at a given applied 
voltage (see Figure 10.2), this can be related to a difference in electrolyte thickness. 
It can be seen in by comparing Figure 10.4 and 10.5 that the total polarization 
resistance became lower than that of the cathode impedance alone when the applied 
current density exceeded 45 mA∙cm-2. This was, as explained earlier, due to activation of 
the anode, which gave rise to a negative contribution at low frequencies. Summation of 
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separately measured anode and cathode polarization resistances gave an EIS spectrum 
that was close to that of the measured full cell. K-K tests did not indicate any time 
dependent instabilities and the fact that separately measured anode and cathode 
impedances corresponded to the full cell impedance (after being added to each other) is a 
good indication that the data are reliable.  
10.5. CONCLUSIONS AND OUTLOOK  
Electrochemical impedance spectroscopy and cyclic sweep measurements have been 
utilized for characterization of CsH2PO4 based electrochemical cells operating at 240 °C; 
Copper was used as the cathode electrocatalyst and platinum as the anode electrocatalyst. 
The cathode and anode impedance was characterized at various overpotentials. It was 
shown that both electrodes are electrochemically activated. The cathode impedance 
response was unaffected by the presence of CO2 in the gas atmosphere. This suggests that 
hydrogen evolution was the main reaction at the copper electrode.  
Also the anode was shown to be electrochemically activated. An inductive 
contribution was seen at frequencies below 100 Hz and is tentatively attributed to 
desorption of intermediate species from the platinum particles. Desorption of species will 
lead to an increased active area, which in turn can give rise to a decreased polarization 
resistance.  
It was concluded from the individual characterization of the electrodes that the 
cathode polarization was the main contribution to the total polarization resistance for 
these cells. The total polarization resistance of the cell was measured to be 0.84 Ω∙cm2 at 
an applied current density of 79 mA∙cm-2, this value was in fact lower than the cathode 
impedance alone. This can be explained by the inductive contribution from the anode.  
Further analysis at more negative cathode overpotentials as well as proper gas 
analysis is required in order to get a better understanding of the electrochemical response 
and to fully understand the possibilities of CO2 reduction using cells with copper as the 
negative electrode at temperatures of 240 °C. Proper gas analysis is required both for 
evaluation of the products, but also for understanding of the reaction mechanisms.  
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CHAPTER 11  
 
HIGH PRESSURE TESTING OF A SOLID ACIDS BASED CELL 
This chapter is a continuation of the study presented in Chapter 9 and 10. Chapter 9 
provided results for three types of cells and a more detailed electrode study was presented 
in Chapter 10. As no evidence for reduction of CO2 was found in those studies, testing 
under high pressures was raised as another possible way to promote electrochemical CO2 
reduction into methanol or other hydrocarbons. This chapter compiles initial 
characterization of seals and the electrochemical behavior for a cell with platinum and 
copper as electrocatalysts and CsH2PO4 as the electrolyte material.  
ABSTRACT 
No evidence for CO2 reduction was found in earlier tests performed at atmospheric 
pressure and it was therefore of interest to investigate the performance of a solid acid 
based cell at elevated pressures. It is also known from methanol synthesis by 
heterogeneous catalysis that elevated pressures have a positive effect on reaction kinetics 
and selectivity. This chapter compile of initial results using an in house custom made high 
pressure test setup. Furthermore, initial results of four different methodologies for sealing 
of solid acid based cells (using Pt and Cu as the electrode catalysts) with respect to OCV 
are shown. The best seal gave an initial OCV of 340 ± 5 mV (peak value of 437 mV) at 1 
atm and 240 ºC. The OCV was found to be largely dependent on the operating pressure 
and was reduced to approximately 10 mV as the pressure was increased to 40 bars. 
One initial electrochemical test was performed at various pressures, pH2 in the Pt- 
electrode compartment and various flow of CO2 in the Cu- electrode compartment. Initial 
results from i-V measurements and electrochemical impedance spectroscopy 
measurements as well as open circuit voltage measurements are presented. Cyclic sweep 
measurements yielded a current of -375 mA∙cm-2 at an applied cell voltage of -2.0 V at a 
pressure of 40 bars. 
The cell kept an almost constant performance during the whole test (app. 250 h) and 
it was found that the measured current (at a given voltage) was not significantly 
influenced whether CO2 was present at the cathode, but more influenced by the pH2. This 
indicates that electrochemical reduction of CO2 did not occur to a significant extent.  
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11.1 INTRODUCTION  
One tempting way to produce synthetic fuels would be to electrochemically reduce CO2 
at intermediate temperatures (200 – 300 ºC), but earlier measurements at atmospheric 
pressure (Chapters 9 and 10) showed that hydrogen evolution was the main cathode 
reaction (Cu- based cathodes) at conditions used in those tests. It is known that elevated 
pressures improve the reaction kinetics and selectivity in heterogeneous catalysis. 
Therefore, it might be beneficial also to operate intermediate temperature electrolysis 
cells at elevated pressures. Copper and Cu- composites are often used for heterogeneous 
catalysis of CO2 and hydrogen forming hydrocarbons and alcohols. Such processes are 
typically carried out at 200- 400 ºC and at pressures ranging from ambient pressure up to 
approximately 100 bars [1-5]. These conditions are similar to the ones proposed for the 
above mentioned cell concept and it is therefore assumed that also heterogeneous 
catalysis can take place during high pressure and intermediate temperature electrolysis of 
CO2 when copper is used as the electrocatalyst at the negative electrode.  
This together with literature results for electrochemical reduction of CO2 at low 
temperature, 0 - 50 ºC, using liquid electrolytes and copper as the cathode [6] (earlier 
presented in Chapter 2.4.2 and 9.1) made copper the most promising cathode 
electrocatalyst for cells operating at temperatures of 200 - 300 ºC. In this study, as well as 
in Chapter 9 and 10, was platinum used as the anode electrocatalyst and CsH2PO4 as the 
electrolyte material. A more thorough literature review and results obtained for CsH2PO4 
within this thesis were presented in Chapter 7. 
11.2 EXPERIMENTAL 
11.2.1 Materials and fabrication of cells 
CsH2PO4 was synthesized following a similar procedure as the one reported by Boysen 
[7], the procedure has also been described in detail in Chapter 7. The cells were prepared 
by co-pressing of the anode, electrolyte and the cathode. A pressure of 390 MPa was 
applied for 30 s using a Compac MP 25-1 uniaxial press. Two types of cells were 
prepared, the first one being 10 or 11.8 mm in diameter with equally sized electrodes, 
presented as cell type A in Figure 11.1 (left). The second cell type was 11.8 mm in 
diameter and had a cathode diameter of approximately 6 mm, shown as cell type B in 
Figure 11.1 (right). The composition and the preparation method for the anodes and the 
cathodes have earlier been thoroughly described in Chapters 9.2 (there referred to as cell 
type C) and 10.2. It is here briefly summarized in Table 11.1 for clarity reasons. The 
electrolyte thickness for cell type A was approximately 1 mm whereas the electrolyte 
thickness of cell type B varied from 1.65 mm at the edges of the cell down to 1.50 mm for 
the centre area, i.e. under the cathode. The reason for the use of different cell symmetries 
was to evaluate different types of sealing methods, which are further described in Section 
11.2.2. 
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Figure 11.1. Schematic sketch of cell type A (left) and cell type B (right). 
 
Table 11.1. A summary of compounds used for the anode, the electrolyte and the 
cathodes. 
 Compounds Weight ratio 
Anode CsH2PO4 : Pt-black : Pt supported on carbon : Naphthalene [3 : 3 : 1 : 0.5] 
Electrolyte CsH2PO4  
Cathode CsH2PO4 : Copper : Naphthalene : Carbon-black [3 : 3 : 0.5 : 0.5] 
 
11.2.2 Sealing of samples 
Figure 11.2 show four sketches of different seals (A - D) evaluated for solid acid based 
cells using the high pressure test setup presented in Chapter 3.2.2. Seal A and D were 
similar, but with different size of the active area of the Cu- electrode as well as use of 
different O-rings. The O-rings were placed at the bottom of the sample holder (in the 
groove). A hard Teflon O-ring was used for seal A whereas a soft rubber O-ring used for 
seal D. The cell sealed by seal B was sealed using a Teflon ring around the sample. The 
Teflon ring was prepared to have an outer diameter of 12.0 mm. i.e. the same diameter as 
the sample position of the sample holder and it had a thickness of approximately 1 mm so 
that the sample (10 mm ø) had to be squeezed into the Teflon ring which in turn was 
pressed into the sample holder. In this seal was also the gas outlet blocked using high 
temperature silicone in order to force the cathode gas to flow out through any leakages 
along the Teflon ring. A soft rubber O-ring was placed on top of the sample in order to 
further improve the sealing and to assure good distribution of gases at the anode. In seal C 
was a cell, with a small active cathode, placed on top of a wide flat Teflon ring (12 mm in 
diameter with a 6 mm hole in the centre).  
In all tests were copper meshes used for current collection at the cathode and 
platinum meshes were use at the anode. The cells were pressed using a spring loaded 
alumina pellet in order to assure good contact with the current collectors and to improve 
the seal. A thin Teflon tape (0.10 mm) was wound around each sample in order to avoid 
short circuits if the samples (the electrodes) were touching the metal sample holder, this 
tape is not included in Figure 11.2.  
The functionality of the seals was evaluated as follows; the cells were mounted and 
heated up to operating temperature (240 ºC). The OCV was measured in two 
atmospheres, in the first case using the same atmosphere at both electrodes, meaning that 
no gas was inserted at the copper electrode, while the big compartment contained a gas 
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mixture of: 20 % H2O, 50 % H2 and 30 % N2 (total gas flow = 150 ml∙min
-1
), which was 
allowed to diffuse into the Cu- electrode compartment. In a second step a gas flow of CO2 
(50 ml∙min-1) was added to the cathode compartment while the gas mixture was kept 
constant in the big compartment. This configuration would, for tight seals, give two 
different atmospheres at the electrodes, i.e. a two atmosphere setup. The whole setup is, 
as mentioned earlier, described thoroughly in Chapter 3.2.2. 
 
Figure 11.2. Four sketches of different ways to seal the cells (A - D) during two 
atmosphere tests in the high pressure test setup.  
11.2.3 Electrochemical characterization 
Sealing C was used for an initial electrochemical test of one cell fabricated according to 
the description in Section 11.2.1. The prepared cell (cell type B) had a total thickness of 
1.88 mm and an electrolyte thickness ranging from 1.65 mm at the edges and 1.50 mm in 
the centre (under the Cu-electrode). The electrolyte and anode diameter was measured to 
be 11.66 mm whereas the cathode had a diameter of 6.1 mm, giving an anode area 0.892 
cm
2
 of and a cathode area of 0.292 cm
2
. Results presented in Chapter 10 showed that the 
contribution from the anode to the total electrode resistance was much smaller than the 
cathode resistance, therefore were the cathode area used for area correction of measured 
results, i.e. 0.292 cm
2
. 
The test was carried out at 240 ºC and at pressures ranging from 1 atm up to 40 bars, 
the duration of the test was approximately 250 hours, see Figure 11.3. The first part of the 
test was carried out at a pressure of 1 atm (0 - 35 h after start). First without any added 
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flow in the Cu- electrode compartment (atmosphere at both electrodes = 20 % H2O, 50 % 
H2 and 30 % N2, total gas flow = 150 ml∙min
-1
) and secondly as a two atmosphere setup 
(atmosphere in the Pt- electrode compartment: 20 % H2O, 50 % H2 and 30 % N2, 
atmosphere in the Cu- electrode compartment: 100 % CO2). Measurements carried out 
with no flow of CO2 into the Cu- electrode compartment, will have a similar gas 
composition in the two electrode compartments, due to diffusion from the Pt- electrode 
compartment to the Cu- electrode compartment 
The second part of the test compiled of measurements at various pressures, gas 
compositions and flow rates of gases. Measurements were performed at 1 atm, 5, 10, 20 
and 40 bars. At 40 bars the inlet hydrogen concentration, pH2 in the Pt- electrode 
compartment, were varied from 5- 50 % and the CO2 flow was varied from 0 to 100 
ml∙min-1 in the Cu- electrode compartment, respectively. 
All gas compositions, given in percent, are presented as the inlet gas composition 
assuming no crossover of gases from one compartment to another, i.e. a 100 % gas tight 
sealing and no mixing of gases. 
The Cu- electrode (the cathode when the cell is operating) was connected as the 
working electrode, and therefore negative voltages were applied. Three measurement 
cycles were performed at each condition in order to assure that stable conditions were 
achieved. Each measurement cycle consisted of electrochemical impedance spectroscopy 
measurements (EIS), cyclic sweep measurements (CV) as well as measurements of the 
open circuit voltage (OCV). The measurements were performed using a Gamry reference 
3000 potentiostat. Table 11.2 present settings for the EIS, CV and OCV measurements. 
Analysis of EIS data were performed using impedance transforms in Ravdav [8]. 
Thermodynamic modeling of equilibrium gas concentrations and calculations of Gibbs 
free energy was performed using FactSage [9]. 
Applied cell voltages of 0.0 to -2.0 V were chosen, such voltages will only generate 
low overpotentials at the electrodes due to the thick electrolyte, giving large ohmic loss 
(iR- drop). The applied cell voltages where chosen as the focus of this test was to evaluate 
the open circuit voltage as a function of pressure and gas composition as well as the 
stability of the cells. High applied cell voltages can, as shown in Chapter 9, cause severe 
degradation which would induce one more factor of uncertainty to the obtained results. 
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Figure 11.3. Schematic sketch of test conditions (pressure and temperature) used in 
the electrochemical test.  
Table 11.2. Summary of measurement types and settings used for measurement 
performed within the measurement cycle. 
# Measurement 
type 
Applied cell 
voltage 
Settings 
1 OCV -- 180 s 
2 EIS OCV  32 kHz- 0.1 Hz 
3 CV OCV - (-2.0) V 
or 
OCV - (-1.0) V 
50 mV∙s-1, 2 cycles 
 
50 mV∙s-1, 2 cycles 
4 EIS (-1.0) V   32 kHz- 0.1 Hz 
5 EIS OCV 32 kHz- 0.1 Hz 
6 OCV -- 180s 
 
11.2.4 Post Mortem analysis 
The cell tested electrochemically was further evaluated by scanning electron microscopy, 
SEM, after the electrochemical test. A Hitachi TM-3000 Tabletop microscope equipped 
with a backscatter detector was used. 
11.3 RESULTS 
11.3.1 Evaluation of various sealings 
Initial OCV measurements were performed for sealing types A - D. OCV was measured 
at two different conditions, first without any flow added to the Cu- electrode 
compartment, i.e. having similar gas atmosphere at both electrodes (Added flow in the Pt- 
electrode compartment: 20 % H2O + 50 % H2 + 30 % N2, total flow rate = 150 ml∙min
-1
), 
i.e. no flow added to the Cu- electrode compartment. In the second case were the gas 
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composition in the Pt- electrode kept constant, but 50 ml∙min-1 of CO2 was flown into the 
Cu- electrode compartment. Results presented in Table 11.3 clearly show that sealing A 
and D gave very low OCV, whereas sealing C showed much higher values, reaching 437 
mV as a peak and thereafter stabilizing at 340 ± 5 mV, see Figure 11.4. Seal B gave an 
OCV of 28 mV for measurements carried out in with no CO2- flow in the Cu- electrode 
compartment and 48 – 55 mV for measurements performed in the two atmosphere 
configuration. 
Table 11.3. Measured open circuit voltages, OCV, for four measurements using seal 
A - D. All measurements were carried out during the initial period of each test and at 
1 atm and 240 ºC using the following input of gases: no CO2= 20 % H2O + 50 % H2 
+ 30 % N2 and with CO2= Pt- electrode compartment: 20% H2O + 50 % H2 + 30 % 
N2, Cu- electrode compartment: 100 % CO2.  
Type of sealing OCV no CO2- flow OCV two atmospheres  
(with CO2 in the Cu- electrode compartment) 
A) 1 mV 6 mV 
B) 28 mV 48 – 55 mV 
C) 2 mV* 340 ± 5 mV (peak = 437 mV)* 
D) 0 mV < 1 mV 
* OCV curves are presented in Figure 11.4 
11.3.2 OCV measurements using sealing C  
The OCV increased from 2 mV to 437 mV when a flow of CO2 was started to the Cu- 
electrode, but decreased to 340 ± 5 mV after a few minutes. The OCV oscillated around 
approximately 340 ± 5 mV for 2.5 h, see Figure 11.4. OCV started to decrease after the 
cell was characterized at an applied cell voltages of - 1.0 V. Number 1-3 drawn into 
Figure 11.4 correspond to measurements performed at: OCV (1), cyclic sweep 
measurements from OCV to -1 V in applied cell voltage (2) and to EIS measurements 
performed at an applied cell voltage of -1 V (3).  
Figure 11.5 shows that OCV decreased with an increase in pressure. A second cycle 
with gas and pressure changes was performed in the end of the test (Figure 11.6). This 
verified the influence on pressure that was seen in Figure 11.5. The OCV dropped to its 
baseline, approximately 10 mV, as soon as the pressure was increased above ambient (P > 
1.0 atm). The same trend was seen when the CO2 flow was stopped (Figure 11.6). 
Another behavior was that it took a long time for the OCV to stabilize at the end of the 
test, in fact the OCV was still increasing after 4 hours at constant conditions. This can be 
compared the response time; in the initial part of the test (Figure 11.4) were OCV rapidly 
increased to 437 mV and shortly after started to oscillate around 340 ± 5 mV. 
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Figure 11.4. Measured OCV as a function of time (after start of the experiment): 0-
12 hours: 20 % H2O + 50 % H2 + 30 % N2 (= No CO2) i.e. similar atmosphere at 
both electrodes. Times > 12 h: Pt- electrode compartment: 20 % H2O + 50 % H2 + 30 
% N2, total 150 ml∙min
-1
 and Cu- electrode compartment: 100 % CO2, 50 ml∙min
-1
 (= 
With CO2). Numbers (1-3) correspond to measurements performed in that time 
frame, section 11.3.3. T= 240 ºC, P = 1 atm. 
 
Figure 11.5. OCV measured as a function of decreasing pressure and time (time after 
start of the experiment). Pt- electrode compartment: 20 % H2O + 50 % H2 + 30 % N2 
(total flow rate: 150 ml∙min-1) and Cu- electrode compartment: 50 ml∙min-1 of CO2. 
T= 240 ºC. 
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Figure 11.6. OCV measured as a function of, CO2 flow, pressure and time (after start 
of the experiment). Pt- electrode gas composition: 20 % H2O + 50 % H2 + 30 % N2 
(total flow rate: 150 ml∙min-1) and Cu- electrode compartment: 0 or 50 ml∙min-1 of 
CO2, 0 ml CO2 min
-1
 = similar atmosphere at the two electrodes, 50 ml∙min-1 CO2 = 
two atmosphere setup. T= 240 ºC. 
11.3.3 Initial Performance 
Initial Cyclic sweep measurements of the cell operated in a two atmosphere configuration 
are presented in Figure 11.7 (left). The measurements correspond to “2” in Figure 11.4. 
The first measurement reached -19 mA∙cm-2 whereas the second reached only -1.7 
mA∙cm-2 at -1.0 V in applied cell voltage. EIS measurements conducted at OCV (marked 
as “1” in Figure 11.4) showed that the serial resistance was between 30 and 90 Ω∙cm2 for 
the first three measurements and increased to approximately 1100 - 1500 Ω∙cm2 for the 4th 
and 5
th
 EIS measurement performed at OCV.  
The CO2 flow was turned off after 18.3 h giving similar atmosphere in the two 
electrode compartments. EIS measurements performed at OCV under these conditions, 20 
% H2O + 50 % H2 + 30 % N2, are presented in Figure 11.7 (right). The serial resistance 
was drastically decreased (from > 1000 to 7.3 Ω∙cm2) as the CO2 flow was stopped. This 
led to higher obtained currents in cyclic sweep measurements. The obtained currents 
stabilized at values between -85.6 and -92.5 mA∙cm-2 at an applied cell voltage of -1.0 V 
during a time frame of 21 - 35 h after start of the experiment. 
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Figure 11.7. Initial current versus applied cell voltage curves for measurements 
performed at 240 ºC and 1 atm. Left: Pt- electrode compartment: 50 % H2 + 20 % 
H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
), Cu- electrode compartment: 50 
ml∙min-1 of CO2. Right: measurements without CO2- flow, similar atmospheres at the 
two electrodes. Pt- electrode compartment: 50 % H2 + 20 % H2O + 30 % N2 (total 
flow rate = 150 ml∙min-1). Note the minus sign in front of the current and the applied 
cell voltage as well as the different scale on the y-axis.  
11.3.4 Performance as a function of pressure 
Figure 11.8 (left) shows how the current (as a function of applied cell voltage) changed 
when the operating pressure was increased from 1 atm up to 40 bar, no flow was added to 
the Cu- electrode compartment throughout this whole pressure ramp (i.e. similar gas 
composition at the two electrodes, gas composition in the Pt- electrode compartment: 20 
% H2O + 50 % H2 + 30 % N2). The current at -2.0 V in applied cell voltage increased 
from -212 mA∙cm-2 at 1 atm to -260 mA∙cm-2 at 40 bars. Figure 11.9 shows Nyquist plots 
of EIS measurements performed at OCV for all pressures, the same trend was seen here, 
i.e. lower impedance at higher pressures. 
The same trends were seen in both cyclic sweep and EIS measurements when a CO2- 
flow was added at the Cu- electrode, see Figure 11.8 (right) and Figure 11.10. In this case 
were the measurements carried out as the pressure was decreased, from 40 bars to 1 atm. 
The current was changed from -237 mA∙cm-2 at 40 bars to -211 mA∙cm-2 at 1 atm. The 
OCV impedance was higher for measurements performed with CO2 (Figure 11.10) than it 
was without CO2 (Figure 11.9). 
The OCV measured during the decrease in pressure is presented in Figure 11.5 and 
was, just as reported in Section 11.3.2, increasing with decreasing pressure (Pt- electrode 
icompartment: 20 % H2O + 50 % H2 + 30 % N2, Cu- electrode compartment: 100 % 
CO2). The OCV during the increase in pressure was 0 - 1 mV througout the whole 
pressure ramp when no CO2 was added to the Cu- electrode compartment. 
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Figure 11.8. Measured current versus applied cell voltage curves for measurements 
performed at various pressures and 240 ºC. Left: 1 atm - 40 bars (increasing), 
without CO2- flow, i.e. similar gas atmosphere at the two electrodes, Pt electrode 
compartment: 50 % H2 + 20 % H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
). 
Right: 40 bars - 1 atm (decreasing), atmospheres: Pt- electrode compartment: 50 % 
H2 + 20 % H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
), Cu- electrode 
compartment: 50 ml∙min-1 of CO2. Note the minus sign in front of the current and the 
applied cell voltage.  
 
Figure 11.9. Nyquist plots of EIS measurements (OCV) performed at 1 - 40 bars 
(increasing) and 240 ºC and no CO2 added to the Cu- electrode compartment. Pt- 
electrode compartment: 50 % H2 + 20 % H2O + 30 % N2 (total flow rate = 150 
ml∙min-1).  
Chapter 11                High Pressure testing 
167 
 
 
Figure 11.10. Nyquist plots of EIS measurements (OCV) performed at 40 – 2 bars 
(decreasing) and 240 ºC. Atmospheres: Pt- electrode compartment: 50 % H2 + 20 % 
H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
), Cu- electrode compartment: 50 
ml∙min-1 of CO2. 
11.3.5 Performance at various gas flow and concentrations, 40 bar 
The current versus applied cell voltage changed from -267 mA∙cm-2 to -280 mA∙cm-2 at 
an applied cell voltage of -2.0 V when the CO2- flow in the Cu-electrode compartment 
was varied from 0 – 100 ml∙min-1 (40 bars), see Figure 11.11 (left). However, impedance 
measurements performed at OCV showed reversed results, i.e. increasing impedance with 
increasing CO2- flow, see Figure 11.12. The OCV was increased from 0 mV when the test 
was running without CO2 (i.e. 0 ml∙min
-1
) up to 10 mV as the CO2 flow was increased to 
50 ml∙min-1 and stayed at 10 mV also after the CO2 flow was increased up to 100 ml∙min
-1
.  
i-V curves for measurements with various concentrations of hydrogen in the Pt- 
electrode compartment, with a constant CO2-flow of 50 ml∙min
-1
 in the Cu-electrode 
compartment, are presented in Figure 11.11 (right). The current was changed from -375 
mA∙cm-2 to       -236 mA∙cm-2 at an applied cell voltage of - 2.0 V as the H2 concentration 
was decreased from 50 % to 5 %. Also the impedance (measured at OCV) was 
dramatically increased as the concentration of H2 was decreased, see Figure 11.13. The 
OCV was 8 – 13 mV for all H2 concentrations, without any clear correlation between the 
concentration and the measured OCV. 
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Figure 11.11. Measured current versus applied cell voltage curves for measurements 
performed at 40 bars and 240 ºC. Left: various CO2- flow in the Cu- electrode 
compartment. Pt- electrode compartment: 50 % H2 + 20 % H2O + 30 % N2 (total 
flow rate = 150 ml∙min-1), Cu- electrode compartment: 0 - 100 ml∙min-1 CO2. Right: 
different concentration of H2 in the Pt- electrode compartment: X % H2 + 20 % H2O 
+ (80-X) % N2 (total flow rate 150 ml∙min
-1
), Cu- electrode compartment: 50 ml∙min-1 
of CO2. Note the minus sign in front of the current and the applied cell voltage.  
 
Figure 11.12. Nyquist plots of EIS measurements (OCV) performed at 40 bars and 
240 ºC with various flow of CO2 at the cathode. Gas composition at the Pt- electrode 
compartment: 50 % H2 + 20 % H2O + 30 % N2 (total flow rate = 150 ml∙min
-1
), Gas 
at the Cu- electrode compartment: 0 - 100 ml∙min-1 of CO2.  
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Figure 11.13. Nyquist plots of EIS measurements (OCV) performed at 40 bars and 
240 ºC with different concentration of H2 in the Pt- electrode compartment: X % H2 
+ 20 % H2O + (80-X) % N2 (total flow rate 150 ml∙min
-1
), Cu- electrode 
compartment: 50 ml∙min-1 of CO2.  
11.3.6 Post mortem analysis 
Photographs and light microscopy images of the cell after electrochemical testing show 
that the Pt- electrode was mainly contacted in the centre of its active area (less glossy 
region seen in the images in Figure 11.14 (top- left and middle- left). Both the Pt-
electrode and the Cu- electrode were adhered to the electrolyte after testing, but fell off as 
the sample was fractured for more detailed SEM analysis and are therefore not seen in the 
micrographs presented in Figure 11.14 (bottom). The micrographs show that the 
electrolyte was almost completely dense after the test, apart from a region, close to where 
the Cu- electrode was placed, where a number of holes were seen (Figure 11.14, lower- 
left). 
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Figure 11.14. Top: photography’s of the tested cell. Left: Pt- electrode. Right: Cu- 
electrode and the Teflon ring used for sealing as well as the Cu-mesh used for 
current collection. The cell diameter is 11.66 mm Middle: optical micrographs of the 
tested cell. Left: Pt- electrode. Right: Cu- electrode. Bottom: Cross- section 
micrographs (SEM, backscatter detector, fracture sample) of the tested cell. Left: Pt-
electrode was attached at the upper part of the electrolyte. Right: electrolyte, center.  
11.4 ANALYSIS AND DISCUSSION  
11.4.1 Sealings 
It was, as showed in Table 11.3, only seal C that had a significant influence on the 
measured OCV. The fact that the cells are rather brittle made it difficult to improve the 
seal by applying a higher spring load to fix the cells and thereby achieve a better gas 
tightness between the cell and the rubber O-ring or Teflon ring which was used for seal 
A, C and D. One could also think of using different glasses for sealing, but as the physical 
properties of CsH2PO4 electrolyte ruled out the usage of low temperature glasses. 
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CsH2PO4 is soluble in liquid water (soluble) [10] and other liquids (like alcohols) loosen 
up/ weakens the pressed cells without dissolving the individual particles. Also the 
construction of the sample holder adds limitations, for example the fact that it has four 
sample positions, see Chapter 3. A low OCV will be measured if one out of four samples 
has a large leakage, because the gas will always escape through the path that has the 
lowest flow resistance.  
The remaining parts of the discussion are based on measurements performed on only 
one cell, which was sealed with seal C. This since only seal C had an influence on the 
measured OCV, thus providing more reliable data. The following discussion is based on 
the assumption that the results are valid and reproducible. 
11.4.2 Open circuit voltage, OCV 
Methanol was one possible reaction that could give rise to a measured OCV. This since 
Cu- based catalysts can be used for methanol production via heterogeneous catalysis [5] 
and in electrochemical reduction of CO2 [6,11]. The cell potential, E, for Reaction 11.1 
was calculated by Equation 11.2 [12]. The Gibbs free energy, ΔGf, for the reaction was 
calculated using FactSage [9].  
 
                            (11.1) 
    
   
  
  (11.2) 
 
Where ΔGf is given in J∙mol
-1
, n equals to the number of electrons involved in the 
reaction and F is Faradays constant (96485.33 C∙mol-1). ΔGf (at 240 ºC and 1 atm 
pressure) for the Reaction 11.1 was calculated to be -700 kJ∙mol-1. This corresponds to a 
cell potential of 1.21 V. The measured initial OCV of 437 mV (stabilizing at 340 ± 5 mV) 
shows that the expected cell voltage induced from Reaction 11.1 do not fit to the 
measured OCV suggesting that there was either a large gas leak (which lead to a reduced 
OCV) or that another reaction gave rise to the measured voltage.  
The OCV was seen to decrease with an increasing pressure as well as with time 
(compare initial OCV in Figure 11.4 and OCV in the end of the test, Figure 11.6). Such a 
decrease in OCV suggested an increased gas leakage, either through the electrolyte due to 
open pores, worsened sealing around the tested sample or due to gas leakages elsewhere 
in the sample holder. The electrolyte was dense after the electrochemical test (Figure 
11.14). This makes it clear that the observed decrease in OCV was not an effect of gas 
leakages through the cell due to open pores. Photos shown in Figure 11.14 shows that the 
no detrimental changes in either the seal or the cell were visible after the test. The 
decrease in OCV can also be an effect of a worsened seal, gas tightness. This would allow 
more hydrogen to diffuse from the platinum electrode compartment into the copper 
electrode. It is not likely that this was the case as the load from the spring, used to fixate 
the cell in the sample holder, still was high after the test. The fact that an increased 
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pressure led to decreasing OCV can probably be assigned to an increased crossover of H2 
from the Pt- electrode compartment to the Cu- electrode compartment, thus decreasing 
the concentration difference of H2 between the two electrodes.  
The sample holder was, as described in Chapter 3, built so that four samples can be 
tested simultaneously. In this test three dummy cells (cells not meant for testing, but 
consisting of the same materials) were placed in the three additional sample positions in 
order to stop CO2 from go through the lower compartment without passing by the active 
cell. The low OCV seen in the end of the test compared to the initial part of the test can 
perhaps be explained by cracks and fractures observed (post mortem) for two of the 
“dummy cells”. This indicates that more CO2 passed through these cracks instead of the 
cell which were tested. This since the gas always passes where the flow resistance has a 
minimum. This can be evaluated in future tests by using more stable dummy cells or by 
complete blocking of the other sample positions. 
The open circuit voltage can be correlated to the difference in pH2 at the two 
electrodes (H2- concentration cell), according to Equation 11.3 [12]. Thus, the measured 
OCV can be used to estimate the gas tightness (H2 concentration in the two electrode 
compartments) between the two electrode compartments. 
 
      
  
  
   
               
               
  (11.3) 
 
where E
0
= 0 V (hydrogen concentration cell), R is the gas constant (8,3145 J∙(K∙mol)-1),  
T is the temperature (513.15 K), F is the Faraday constant (96845 C∙mol-1) and n is the 
number of electrons involved (=2). 
The pH2 in the Pt- electrode compartment was assumed to be close to the inlet 
concentration (pH2,Pt electrode = 0.5 bar), i.e. no influence from any CO2 leakages. 
Equilibrium concentrations were calculated for a number of gas mixtures at the copper 
electrode using FactSage [9], see Figure 11.15 (left). This shows the equilibrium 
concentration of hydrogen as a function of how much gas that was leaking into the Cu- 
electrode compartment from the Pt- electrode compartment. Figure 11.15 (right) shows 
the relationship between the measured OCV and pH2, Cu-electrode calculated for a pH2, Pt-
electrode of 0.5 bars. From this diagram it can be seen that an OCV value of 340 ± 5 mV 
corresponded to a pH2 in the Cu- electrode compartment of 10
-7
 bar. This suggests that 
the initial leak rate of H2 into the Cu-electrode was low (see Figure 11.15) or that H2 
leaking in to the Cu- electrode compartment was consumed, for example via reduction of 
oxidized Cu (Cu2O) into metallic Cu. 
Chapter 11                High Pressure testing 
173 
 
 
Figure 11.15. Left: equilibrium concentration of hydrogen (pH2 equilibrium) as a 
function of hydrogen, nitrogen and steam in CO2 (xH2 + 0.4xH2O + 0.6xN2 in CO2) 
for a total pressure of 1 bar and T = 240 ºC, equilibrium values were calculated using 
FactSage [9]. Right: OCV as a function of pH2, Cu-electrode assuming 50 % H2 at the Pt 
electrode.  
OCV was lower in the end of the test, approximately 50 mV, but was still increasing. 
An OCV of 50 mV would, according to Equation 11.5, correspond to approximately one 
order of magnitude in concentration difference of H2 between the two electrodes, 
indicating larger gas leakage or that less H2 is consumed due to reduction of oxidized Cu. 
Another apparent difference was that it took much longer time for the OCV to stabilize in 
the end of the test; in fact it was still increasing after 4 hours at constant conditions. In 
contrast to the initial part of the increased to 437 mV and was stabilized at 340 ± 5 mV 
within a few minutes after the CO2 flow was started, see Figure 11.4.  
The increase in pO2 that followed as CO2 was added to the copper electrode can 
perhaps induce a (partial) oxidation of Cu to Cu2O according to Reactions 11.4 and 11.5.  
 
                  (11.4)  
                  (11.5)  
 
ΔGf for Reactions 11.4 and 11.5 was calculated (with FactSage [9]) to be -86.91 and         
-106.9 kJ∙mol-1, the number of electrons involved in the reactions are 2 (=n), thus was the 
cell potential calculated to be 450 and 554 mV, respectively. Any of these equations can 
be correlated to the measured OCV. Reaction 11.4 can only be correlated to the measured 
OCV during the first few minutes after the CO2- flow was started (i.e. the peak of 437 
mV), this since dry CO2 was used and the seal did not (according to the discussion above) 
leak any large amount of gases between the two electrode compartments in the initial 
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stage of the test. If any of these reactions are the true reason for the measured OCV is not 
possible to evaluate at this point, concluding that more measurements are needed. 
The observed oscillations in OCV (Figures 11.4 – 11.6) are still not fully understood, 
but similar phenomena have been reported to occur in PEM fuel cells (running under 
current) [13 and references therein]. Lu et al. [13] explain the oscillations as an effect of 
CO adsorption and oxidation at the electrode surface. They do also mention that voltage 
oscillations often occur during electrochemical oxidation of hydrocarbons as well as due 
to mass transfer limitations and concentration gradients close to the electrode. The limited 
amount of data makes it impossible to draw any conclusion on the mechanism behind the 
oscillations observed in this test.  
Combining the discussion above makes it clear that there are several factors that can 
cause the observed changes in the measured OCV; different gas leakages, electrode 
reactions and oxidation of copper. It was not possible, at this early stage, to rule out any 
of the above discussed mechanisms and further tests are needed to fully understand the 
behavior observed in this test.  
11.4.3 Electrochemical performance 
The initial two atmosphere measurements (see Figure 11.7) showed small negative 
currents, -19 mA∙cm-2 and -1.7 mA∙cm-2 at an applied cell voltage of -1.0 V after 14.75 h 
and 16.75 hours, respectively. The measured current densities at a certain applied cell 
voltage became more negative as the CO2- flow was stopped, i.e. giving similar gas 
conditions at the two electrodes. Measurements performed with dry CO2- flowing in the 
cathode compartments (low leak of humidified H2 in the initial phase of the test, 
according to the previous discussion) can cause partial dehydration of the electrolyte (in 
the Cu- electrode compartment) leading to an increased Rs, see Chapter 7.3.3.3 for more 
details about dehydration/ regeneration of CsH2PO4). It is likely that the electrolyte was 
regenerated as the CO2- flow was stopped and allowed humidified gas into the Cu- 
electrode compartment. This can explain both the high Rs measured in the initial phase of 
the study (with dry CO2 in the cathode compartment) and the low current densities 
measured in the same period (through cyclic sweep measurements). The fact that Rs was 
affected in the initial phase of the study and not in the latter phase point towards a gas 
leakage during later measurements, just as discussed in the previous section. An increased 
gas leak (cross-over of humidified H2 into the Cu- electrode compartment) would 
suppress the dehydration, as the pH2O would be higher. Formation of Cu2O can also 
affect the electrochemical activity of the electrode surface, which could have contributed 
to the observed increase in the total cell resistance. These results can possibly be verified 
by performing measurements with humidified CO2 in the Cu- electrode compartment, i.e. 
suppressing the dehydration.  
The current density at an applied cell voltage of -2.0 V increased from 212 mA∙cm-2 
to 260 mA∙cm-2 as the pressure was increased from 1 atm to 40 bars without any CO2 
added to the Cu- electrode compartment (Figure 11.8, left). The impedance measured at 
OCV (Rtot) was decreased with a factor of ~5 during the same pressure ramp. A smaller 
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difference of the current density (237 mA∙cm-2 to 211 mA∙cm-2) was seen at an applied 
cell voltage of -2.0 V as the pressure was decreased from 40 bars to 1 atm with CO2 
flowing in the Cu- electrode compartment. In contrast, the resistance, Rtot, at OCV was 
largely increased (see Figure 11.10) during the same decrease in pressure. This indicates 
that a gas leak (increased H2 concentration in the Cu- electrode compartment) was 
controlling the measured current and that the Cu- electrode evolved hydrogen at the 
conditions used in this test. It was suggested in the previous discussion (11.4.2) that the 
cross-over from H2 was increased with increasing pressure, this fits well with the above 
discussed results as the impedance at OCV was more affected by the amount of H2 (in the 
Cu- electrode compartment) than the current density at a certain applied cell voltage was. 
The cupper electrode evolved hydrogen when a current was drawn through the cell, 
whereas both oxidation of H2 and reduction of H
+
 occurred at OCV impedance. 
Therefore, the cell was be more affected by the H2 concentration in the Cu- electrode 
compartment during OCV than when the cell was operating under current. 
Furthermore, one could also expect that an increased pressure, P, would affect the 
reaction rates according to the following discussion. Increased pressure (with constant 
molar ratio of reactants) will increase the concentration, c (mol∙l-1), of reactant molecules 
(see ideal gas law, Reaction 11.7). This lead to a decreased mean free path, λ, Reaction 
11.8, and consequently an increased collision frequency, Zw, between molecules and 
surfaces in the test of the volume (in this case, electrode particles and autoclave walls, 
Reaction 11.9) [12]. An increased number of collisions between the electrode surface and 
the reactant can lead to an increased amount of reacted molecules and thereby an 
increased current at a given voltage. This can possibly explain why somewhat higher 
current densities were measured at -2.0 V in applied cell voltage at a pressure of 40 bars 
than at 1 atm in pressure (see Figure 10.8).  
 
  
 
 
 
 
  
  (11.7) 
  
  
    
  (11.8) 
   
 
        
   (11.9) 
 
where:  n= moles of reactant, V = volume, R = gas constant, T = temperature, k = 
Boltzmann’s constant, σ = collision cross section of the molecules (area) and m = mass of 
the molecules. 
The i-V curves in Figure 11.11 (left) shows that the CO2 flow did not affect the 
measured current densities (at -1.0 V in applied cell voltage) at high pressures, but the 
impedance measured at OCV was increased with a factor of ~2 as the CO2- flow was 
increased from 0 ml∙min-1 to 100 ml∙min-1. The pH2 had a large effect (measured at 40 
bars) on the measured current density at an applied cell voltage of -1.0 V. These results, 
together with the measurements described in Section 11.3 and the analysis of the results, 
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presented preciously in this section, point in the same direction, namely, that the cell was 
working as a hydrogen pump at the conditions used in this test, see also discussions in 
Chapters 9 and 10.  
Electrochemical reduction of CO2 (using Cu- electrode) have been reported to require 
cathode overpotentials more negative than -0.9 V vs. NHE [6,11] One way to get CO2 
electrochemically reduced would be to increase the applied cell voltage in order to reach 
more negative cathode overpotentials, but results obtained in Chapter 9 showed that the 
cells was not stable at high applied cell voltages. Furthermore, gas analysis is required, in 
future tests, in order to verify if the Cu- electrode only acted as a hydrogen electrode at 
these applied cell voltages or if any other reaction occur, but also to monitor eventual 
leaks. This would eventually lead to a better understanding both of measured OCV as 
well as suggestions for improvements of the cell, test setup and sealings. 
Even as all results in this study suggested that only H2 evolution occurred at from the 
Cu- electrode it should not be ruled out that CO2 was participated in any reactions. The 
test conditions used here were similar to the conditions used methanol production via 
heterogeneous catalysis of CO2 and hydrogen [1,2,5]. Thus, methanol could still have 
been produced within this test, but through heterogeneous catalysis instead of 
electrochemically. 
11.5 CONCLUSIONS  
A first high pressure test using a solid acid based cell with Cu- and Pt- based electrodes 
have been performed and initial results were presented in this chapter, both cell voltages 
and electrochemical performance were evaluated. 
The OCV measured in this study was found to be dependent of pressure; the 
measured decrease in OCV at increased pressure was suggested to rise from a gas leakage 
allowing more H2 to diffuse into the Cu- electrode compartment as the pressure was 
increased. Apart from gas leakages, also oxidation of Cu (into Cu2O) occurring when the 
atmosphere in the Cu- electrode compartment was changed from humidified hydrogen to 
dry CO2. It should be noted that it could also be due to a combination of reactions, further 
tests are required in order to find the true explanation for the measured OCV. 
The cell was tested for almost 250 h (mainly at open circuit conditions) without any 
severe degradation. Anyhow, the serial resistance increased (> kΩ∙cm2) in the initial 
phase (when dry CO2 was flown into the Cu- electrode compartment), but decreased to 
7.3 Ω∙cm2 as the CO2 flow was stopped, allowing humidified H2 to diffuse into the Cu- 
electrode compartment. This initial, reversible, increase in Rs was attributed to a partial 
dehydration of the electrolyte due to the flow of dry CO2 in the Cu- electrode 
compartment and the thermal stability limit of CsH2PO4. A current density of 375 
mA∙cm-2 was measured (using cyclic sweep and an applied cell voltage of -2.0 V) at 40 
bar and 240 ºC, with a Pt-electrode inlet gas composition of: 5+ % H2 + 20 % H2O + 30 
% N2 (total flow rate = 150 ml∙min
-1
) and a Cu-electrode gas flow equal to 50 ml∙min-1 of 
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CO2, although it should be remembered that the gas mixture at the Cu- electrode most 
probably contained a large amount of H2, due to gas leakage . 
The fact that the results are based on only one test makes it hard to draw any solid 
conclusions, but a few trends were seen and discussed. The current at a given voltage was 
slightly increased as the pressure in the system was increased. This can perhaps be 
explained as a consequence of the increased collision frequency between hydrogen at the 
Pt- electrode. The pH2 was found to have a significant effect on the measured current 
density, suggesting that the cell functioned as a hydrogen pump at the conditions used in 
this test.  
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CHAPTER 12  
 
OVERALL DISCUSSION AND CONCLUSIONS 
The aim of this thesis was to develop and characterize electrolyte materials and electrodes 
for production of hydrocarbons via electrochemical reduction of CO2 at temperatures of 
200- 300 °C. A motivation for this study was presented in Chapter 1. Furthermore, 
relevant theory, measurement techniques and test setup were described in Chapter 2 and 
3. 
12.1 OVERALL DISCUSSION 
12.1.1 Choice of electrolyte 
The initial part of this study was focused on development and characterization of 
electrolyte materials. Ten different electrolytes were tested (Chapters 4 - 7); Y- doped 
Me(P2O7)1-δ (Me = Si, Sn, Zr, Ti and Ce), Gd- doped Ce(PO3)4, Ce0.9Y0.1(P2O7)1-
δ:KH2PO4 [4:1 molar ratio], CsH2PO4, BaHPO4 and a CsH2PO4:BaHPO4 composite [1:1 
weight ratio]. Chapter 8 contains a more detailed discussion regarding the investigated 
materials. Several of the tested materials exhibited conductivities higher than 10 mS∙cm-1 
at temperatures below 250 °C. For example, Gd- doped Ce(PO3)4 ,Ce0.9Y0.1(P2O7)1-δ and 
CsH2PO4 which had initial conductivities of 64 mS∙cm
-1
 (150 °C), 30 mS∙cm-1 (190 °C) 
and 20 mS∙cm-1 (240 °C), respectively for measurements carried out at pH2O = 0.20 atm. 
Out of these materials it was only CsH2PO4 that apart from exhibiting a reasonably high 
conductivity also fulfilled the thermal stability requirement, i.e. thermally stability at 
operation temperatures (240 °C in CO2 containing atmosphere). Furthermore, initial 
dehydration of CsH2PO4 was reversible, after operation at a temperature (249 °C) above 
the onset temperature for dehydration. Therefore, CsH2PO4 was considered as the most 
promising candidate for the proposed cell concept (presented in Chapter 2). 
 All full cells that were tested in this study had CsH2PO4 as the electrolyte material. 
Initial studies of the cell type with the lowest total resistance (referred to as cell type C in 
Chapter 9) were conducted at applied cell voltages up to 1.5 V. These cells showed stable 
serial resistance, Rs: in fact, Rs decreased with a few percent after 40 hours of operation at 
applied cell voltages of 0.5 – 1.0 V. The microstructure of the electrolyte after these tests 
was, apart from a few small cracks and minor holes, similar to the non-tested electrolytes, 
as can be seen in Figure 9.6 (left) and 9.7 (c). Nevertheless, scanning electron microscopy 
verified that the microstructure of the electrolyte was detrimentally changed after the cell 
had been operated at applied cell voltages up to 4.0 V (Figure 9.7 e). These observations 
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suggested the presence of a stability threshold in terms of how high these cells could be 
polarized. The decomposition/change in electrolyte microstructure was believed to be 
caused by joule heating (resistive heating). Joule heating can, if enough thermal energy is 
produced, heat the materials above the onset temperature for dehydration and thereby lead 
to formation of CsPO3 (the dehydration mechanism of CsH2PO4 was briefly discussed in 
Chapter 7.4.1). It was also suggested that the decomposition was due to the applied 
voltage, i.e. exceeding the decomposition voltage of CsH2PO4. However, thermodynamic 
data for this decomposition has not been found in the literature. Further investigations are 
therefore required before the exact reason for the change in the electrolyte microstructure 
can be determined. One way to decrease the influence from joule heating would be to 
decrease the serial resistance; this can be achieved if cells with thinner electrolytes are 
used in electrochemical tests. 
12.1.2 Performance evaluation in single atmosphere test setups 
Three different cell types were prepared and tested in a single atmosphere test setup, all 
having CsH2PO4 as the electrolyte material, Pt- based anodes and Cu- based cathodes (see 
Chapter 9). It was found in Chapter 9 that the Cu- electrode was not stable after anodic 
polarization. The interface between the electrode and the electrolyte formed a blue phase, 
indicating that a copper phosphate was formed. It is therefore important to carefully 
control the current direction. The cell type with the lowest total cell resistance had an 
average total resistance (Rtot) of 3.7 ± 0.7 Ω∙cm
2
, where the Rs corresponded to 2.6 ± 0.6 
Ω∙cm2 and a the polarization resistance (Rp) corresponded to 1.1 ± 0.1 Ω∙cm
2
. The best of 
all tested cells reached a current density higher than 400 mA∙cm-2 at an applied cell 
voltage of 1.5 V (Figure 10.1). Another cell of this type (prepared with the same electrode 
mixtures and dimensions) was tested for 40 hours at applied cell voltages of 0.5 - 1.0 V. 
That cell showed a 7.1 % increase in Rtot (and a current density decrease of 4.6 %) at an 
applied cell voltage of 0.5 V, comparing results before and after the 40 hours of 
operation. Rp increased as much as 35 % whereas Rs decreased 5.4 % (Figure 9.10). This 
showed that the decrease in current density (and consequently an increase in Rtot) at a 
given applied cell voltage was caused by degradation (instability) in one or both 
electrodes. 
The same type of cell showed a more rapid decrease in performance when it was 
tested at higher applied cell voltages (up to 4.0 V). This decrease was due to a large 
increase in the polarization resistance (Figure 9.5), again suggesting that it was one or 
both of the electrodes that were un-stable at these applied voltages. Nevertheless, a 
dramatic change was also seen in the electrolyte microstructure, as discussed in Section 
12.1.1. This shows that also the electrolyte was un-stable under these conditions, even if 
no dramatic increase in Rs was seen. The reason for the large increase in polarization 
resistance is unclear, but may possibly be explained by changes in: the electrode 
microstructure, the number of active sites and the adhesion to the electrolyte. It could also 
be due to a worsened percolation of the electronically and/or the ionically conducting 
phase. A decomposition/ dehydration of CsH2PO4 would consequently affect the 
electrode microstructure and the interface between the electrocatalyst and the ionic 
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conductor. The fact that only a small change in Rs was seen, even though the electrolyte 
microstructure was completely changed, might be explained by a small decrease in the 
electrolyte thickness. A thinner electrolyte can obviously counteract a partial loss in 
conductivity of the electrolyte material. 
From three electrode measurements it was found that the total polarization resistance 
was mainly due to the cathode polarization resistance (see Chapter 10.3). This electrode 
was activated as the applied current density was increased. This suggests an 
electrochemically activated mechanism. ADIS (analysis of differences in impedance 
spectra) showed that at least one process related to the cathode was activated by an 
increased current density. This activation occurred at intermediate frequencies (20 Hz - 6 
kHz) and was the main contribution to the cathode polarization resistance at low applied 
current densities (up to approximately 45 mA∙cm-2). Furthermore, the impedance at low 
frequencies (< 20 Hz) increased as the applied current was increased. This indicated that 
the mass transfer and/or gas diffusion resistance was increased as the applied voltage was 
increased.  
The anode response had an inductive contribution at frequencies below ~100 Hz, 
which increased as the applied current density increased (see Figure 10.6). This behavior 
can rise from several mechanisms, for example differences in H2O partial pressure at the 
electrodes and through adsorption/desorption of CO or other intermediate species. The 
inductive behavior found in this study was tentatively attributed to an increase in active 
area, caused by desorption of one or more intermediate products at elevated current 
densities (see discussion in Chapter 10).  
12.1.3 Influence of pressure on electrode reactions/cell performance: 
Initial tests 
Initial tests in a high pressure autoclave (possibility to operate up to 100 bars) were 
conducted with the aim of finding a proper seal for solid acid based cells. The open 
circuit voltage, OCV, was measured at various conditions. For one of the evaluated seals, 
the OCV was found to increase from 2 mV to 437 mV as the atmosphere was changed 
from a configuration with similar gas at both electrodes (atmosphere: 50 % H2 + 20 % 
H2O + 30 % N2 in both electrode compartments) to a two atmosphere configuration (Pt 
electrode compartment: 50 % H2 + 20 % H2O + 30 % N2, Cu- electrode compartment: 
100 % CO2). This increase in OCV was attributed to oxidation of Cu- electrode particles 
forming Cu2O according to Reaction 11.5 and/or 11.6, which theoretically should give a 
cell voltage of 450 and 554 mV at the measurement conditions used here. 
The OCV decreased to 340 ± 5 mV after only a few minutes (see Figure 11.4), where 
it started to oscillate around 340 mV ± 5. Oscillations in the cell voltage have earlier been 
reported for PEM cells (operating under current) and are in that case attributed to 
adsorption and oxidation of CO at the electrode surface (Section 11.4.2). Unfortunately, 
the limited amount of data in the present test makes it hard to draw any conclusion of the 
exact mechanism behind the observed changes in OCV and further tests are needed. The 
measured cell voltage of 340 mV corresponds to a pH2 < 10
-7
 bar at the Cu- electrode 
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(using Equation 11.4 and assuming pH2, Pt-electrode = 0.5 bar). This suggests that the initial 
leak rate of hydrogen into the Cu- electrode compartment was low or that hydrogen 
leaking into the compartment was consumed by a reaction, for example reduction of 
Cu2O to metallic Cu. Furthermore, it was shown that the OCV decreased with both time 
and increased pressures. These changes with time were tentatively attributed to an 
increased leak rate of H2. This will in turn allow for more H2 to diffuse to the Cu- 
electrode of the active cell.  
The electrochemical behavior of one cell was studied simultaneously with the cell 
voltage (gas tightness measurements). The initial performance of the cell was much lower 
when it was operated with CO2 at the Cu- electrode compared to the performance when 
the CO2 flow was stopped and thereby allowing humidified H2 to flow/diffuse into the 
Cu- electrode compartment. This was only seen in the initial phase of the test, i.e. the 
period with an assumed good sealing. This was attributed to an initial (reversible) 
dehydration of the electrolyte, occurring as an effect from addition of dry CO2 at a 
temperature above the dehydration temperature of CsH2PO4 (TDehydration = 222 °C at pH2O 
< 0.001 atm, see Chapter 7). This strongly suggest that there might be a limitation in the 
high pressure test setup (which does not allow for humidified gases at both electrodes, 
when used as a two atmosphere test setup, see Figure 3.11).  
Later measurements in the test, performed at elevated pressures, showed that the 
measured current density at a certain potential was largely dependent on the H2 
concentration at the Pt- electrode (and thereby also at the Cu- electrode due to the 
increased H2 crossover at elevated pressures) whereas it was almost independent on the 
CO2 flow rate. These observations suggest that the Cu- electrode mainly acted as a H2- 
evolution electrode, at least at the applied voltages and the atmospheres used in this test. 
Although, it should be pointed out that these results are based on only one measurement 
and more measurement are needed for verification and further characterization of seals, 
setup limitations as well as first and foremost the cell performance with respect to 
reduction of CO2. 
12.1.3 Reduction of CO2 
Throughout this work, no proof for reduction of CO2 has, unfortunately, been found; 
either from electrochemical measurements or from the initial gas analysis. One main 
reason for this seemingly negative result is believed to be the too low cathode 
overpotentials that were used in most of the tests. The reason for the low overpotentials 
was, as previously discussed, the stability limit of the cells. Several studies on 
electrochemical cells operating at low temperature (< 50 °C) using aqueous electrolytes 
have shown that cathode overpotentials more negative than -0.9 V vs. NHE for evolution 
of CO and < -1.1 V vs. NHE are needed in order to produce hydrocarbons via 
electrochemical reduction of CO2 at copper electrodes (see Chapter 2.4).  
As pointed out in Chapter 9 it was not possible to directly compare the overpotentials 
measured in this study with results found in the literature, due to the use of different 
reference electrodes. Anyhow, the overpotential measured in this study could be 
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recalculated into V vs. SHE (≈ NHE) by the Nernst equation (according to the description 
in Chapter 10.4). This gives a difference of approximately 65 mV for measurements in 
this study compared to SHE. The overpotentials measured in this study should therefore 
be adjusted with ~65 mV before comparison to literature values (V vs. NHE). It is also 
known from Chapter 10 that the anode contribution to Rtot can be neglected. Thereby can 
the cathode overpotential, |ηcathode| vs. NHE (for measurement carried out in Chapter 9) be 
estimated by |ηtot| - 65 mV. In this study most of the measurements were carried out at a 
total electrode polarization, |ηtot|, below 0.6 V. Consequently, ηcathode vs. NHE, was 
approximately -0.54 V which is less negative than the reported onset potential for CO2 
reduction. Although, this indicates that the change of slope measured for cells that was 
operated up to high applied cell voltages could be an indication for a change in reaction 
mechanism. This since the slope change occurred in the region of |ηtot| ≈ 1 V which 
corresponded to a ηcathode of approximately -1 V as well. This is in the region where initial 
reduction of CO2 could be expected. Unfortunately, the cells were not stable at these 
operating conditions, as mentioned previously.  
It was concluded in Chapters 9 - 11 and by calculations in the previous paragraph 
that H2- evolution was the main reaction at the Cu- electrodes (cathode). One possible 
way to overcome this could perhaps be to add a compound that inhibits H2- evolution at 
the cathode. A reduced H2- evolution could thereby favor an interaction between the 
electrode and CO2. Another suggestion would be to prepare cells that allow for more 
negative cathode overpotentials without detrimental degradation of the cell performance 
and microstructure. This could e.g. be achieved by the use of thinner electrolytes and/or 
the use of a more stable electrolyte material. Furthermore, usage of another electrocatalyst 
that favors CO2 reduction at lower absolute electrode potentials could be another solution.   
One could also ask the following question: Does it make any difference whether CO2 
is reduced electrochemically or via heterogeneous catalysis in this type of cell? 
Cu and Cu- based materials, for example.  Cu/ZnO/Al2O3, are (as described in Section 
1.3.1, 9.1 and 11.4) known catalysts for production of methanol via heterogeneous 
catalysis of CO2 + H2 at temperatures of 200 – 400 °C and elevated pressures. These 
conditions are similar to the ones used in the previously described high pressure test. 
Therefore, heterogeneous catalysis of CO2 (inlet gas) and H2 (evolved from the Cu- 
electrode) is in principle possible within the Cu- electrode compartment. This can be 
verified by connecting a gas chromatograph to the high pressure test setup. It can also be 
said that it is not really important if the CO2 is reduced via an electrochemical reduction 
step or from heterogeneous catalysis, the important factor is that it is reduced.  
One advantage with the electrochemical cell concept compared to normal 
heterogeneous catalysis is that H2O can be used as a reactant instead of H2, which is used 
in heterogeneous catalysis. Consequently, the need for hydrogen, commonly produced 
from fossil fuels, as a reactant can potentially be reduced. Cu/ZnO/Al2O3 is a well known 
catalyst for production of methanol via heterogeneous catalysis. Initial studies of cells 
with Cu/ZnO/Al2O3 - based cathodes were conducted and are presented in Appendix B. 
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The initial results using this catalyst were comparable to those of cells with a Cu- based 
cathode. However, it was seen in one of the initial tests that the cell resistance increased 
significantly within a short time (app. 20 hours). This catalyst is nevertheless interesting 
to pursue further and to test using elevated pressures in order to evaluate its stability in 
more detail and, most importantly, its capability for CO2 reduction, both 
electrochemically and via heterogeneous catalysis.  
12.2 CONCLUSIONS  
The main aim of this study was to electrochemically reduce CO2 into hydrocarbons at 
temperature between (200 – 300 °C). This required development of both electrolyte 
materials and electrodes. Several cells have been fabricated and tested within the study. 
Copper and platinum were the first choices of electrocatalysts for the cathodes and the 
anodes, respectively, but also initial tests with Cu/ZnO/Al2O3- based cathodes have been 
conducted.  
No evidence for reduction of CO2 was found, instead it was concluded that most 
likely hydrogen evolution was the main reaction occurring at the Cu-based cathodes 
under the conditions used in this study. The main reason for this was attributed to the 
cathode overpotential; operation at more negative cathode potentials was suggested as 
one solution, but at the same time it was found that the stability limit of the cells was not 
sufficient for operation at sufficiently high applied voltages. Thus, it was also suggested 
that addition of a hydrogen evolution inhibitor could favor CO2- reduction over H2- 
evolution. 
Another parameter investigated/potentially affecting the methanol (or hydrocarbon) 
formation was the influence of pressure on the electrochemical cell reaction. For example 
methanol is known to be formed by reduction of CO2 via heterogeneous catalysis at 
elevated pressures. An initial measurement of the proposed cell concept at elevated 
pressures was performed for that reason. However, the limited number of data and the 
fact that only one cell was tested at elevated pressures makes it hard to draw any 
conclusions on how the pressure affected the electrode reactions and thereby also the 
capabilities of CO2 reduction. It cannot be excluded that CO2 reduction will be possible at 
higher pressures, but whether it will occur via heterogeneous catalysis or electrochemical 
reduction of CO2 is not possible to distinguish. Further tests with accurate gas analysis 
have to be performed to clarify this. 
12.3 FUTURE OUTLOOK  
There are, just as suggested in the separate chapters and in the overall discussion (Section 
12.1), several things that need to be studied further before the capacity of this cell concept 
can be fully evaluated. Below are a few suggestions for further studies presented: 
 Further measurements on cells with Cu- based cathodes are required, especially at 
high pressures, in order to identify if CO2 can be reduced electrochemically (or via 
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heterogeneous catalysis). This includes measurements at higher electrode 
polarizations in order to find the limitations of the proposed cell concept and 
thereafter evaluate the potential of the concept. In addition to this it can also be 
evaluated if the usage of H2- evolution inhibitors can promote electrochemical 
reduction of CO2 using copper based cathodes, thus decreasing the need for large 
negative cathode overpotentials. 
 
 Evaluation of alternative electrocatalysts, such as further tests of Cu/ZnO/Al2O3, 
is also of interest in order to evaluate if CO2 can be reduced. Other promising 
electrocatalysts which require less negative cathode overpotentials could 
eventually also be found by density functional theory (DFT) calculations.  
 
 Concerning high pressure tests, it is also important to evaluate the stability of the 
cells as dry CO2 is flown to the cathode. If this is found to be a problem, due to 
dehydration of CsH2PO4, there are two options: either to modify the test setup to 
allow for humidified CO2 or to change the electrolyte.  
 
 Improvements in the cell fabrication methodology are also needed. Cells with 
thinner electrolytes would allow for higher overpotentials without the need of high 
applied cell voltages. Cells with thin CsH2PO4 electrolytes are hard to handle, so 
there is a need to increase the mechanical stability of the cells if thinner 
electrolytes are evaluated. This could perhaps be done by supporting either the 
electrolyte with a mechanically strong (and non conductive membrane) or by 
supporting one of the electrodes.  
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APPENDIX A 
 
VAPOR PRESSURE OF STEAM 
Wagner and Pruss [1] have reported constants, table A.1 that can be used in equation A.1 
and A.2 for calculating the equilibrium water vapor pressure as a function of the 
temperature. Figure A.1 and table A.2 present data calculated with the equations. 
 
   
 
  
          
        
      
        
      
     
  
 
 (A.1) 
    
  
 
 (A.2) 
 
Table A.1. Constants and input parameters for equation A.1 and A.2. [1] 
Parameter Value Unit 
Tc = 647.096 K 
pc = 22064 kPa 
a1 = -7.85951783  
a2 = 1.84408259  
a3 = -11.7866497  
a4 = 22.6807411  
a5 = -15.9618719  
a6 = 1.80122502  
 
Table A.2. Vapor pressure of steam, P, at a number of selected temperatures, 
calculated with equation A.1. 
T (ºC) T (K) P (kPa) 
0 273.15 0.61 
7 280.15 1.00 
10 283.15 1.23 
25 298.15 3.17 
40 313.15 7.39 
60 333.15 19.95 
100 373.15 101.42 
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Figure A.1. Vapor pressure of steam as a function of temperature ranging from 0 
o
C 
up to 100 
o
C at atmospheric pressure.  
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APPENDIX B,  
 
INITIAL CHARACTERIZATION OF CU/ZNO/AL2O3 AND 
CU/ZNO/AL2O3- BASED CATHODES 
It was concluded from the results obtained in Chapters 9 – 11 that the prepared Cu- based 
electrodes were not electrochemically active towards reduction of CO2, at least not under 
the conditions used in this thesis. Therefore, Cu/ZnOAl2O3 was proposed as an alternative 
electrocatalysts for CO2 reduction, this due to its capability to convert CO2 and H2 into 
methanol during heterogeneous catalysis. This appendix includes initial results regarding 
synthesis and characterization of Cu/ZnOAl2O3 catalysts as well as initial electrochemical 
characterization of cells having Cu/ZnO/Al2O3- based cathodes. The results are compared 
to cells that have Cu- based cathodes. 
B.1 INTRODUCTION 
Cu/ZnO/Al2O3 is widely used as a catalysts for heterogeneous catalysis of CO2 and H2, 
producing methanol according to Reaction B.1 [1]: 
 
                                               (B.1) 
 
Heterogeneous catalysis of CO2 into methanol is generally performed at temperature 
between 200 – 400 ºC and at elevated pressures to increase the reaction rate and 
selectivity [1-3].  
B.2 EXPERIMENTAL 
B.2.1 Synthesis of Cu/ZnO/Al2O3 
Cu/ZnO/Al2O3 was synthesized following a modified oxalate synthesis route, proposed 
by Jingfa et al. [4] 14.42 g Cu(NO3)2∙3H2O (Alfa Aesar, > 98 %), 17.75 g Zn(NO3)2∙6H2O 
(Sigma Aldrich, > 99 %), 9.95 g Al(NO3)2∙9H2O (Riedel-de Haës, > 98.5 %) and 14.37 g 
of oxalic acid (C2H2O4, Sigma Aldrich, > 98 %) were dissolved in 0.598 l, 0.598 l, 0.133 l 
and 0.159 l of ethanol, respectively. The materials were mixed to give a final molar ratio 
of [45:45:10] for Cu, ZnO and Al2O3, respectively. The ethanol solutions were prepared 
to have a concentration 0.1 M for the metal nitrate solutions and 1.0 M for the oxalic acid 
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solution. The metal nitrate solutions were stirred and added to a glass beaker. The oxalic 
acid solution was rapidly added to the nitrate solution. Blue milky particles were 
precipitated immediately as the oxalic acid was added. The solution was left over night to 
let the precipitated particles to sediment. Approximately 0.5 l of clear ethanol solution 
was removed after sedimentation. The remaining solution was dried at 50 ºC for another 
20h. The dried powder was thoroughly mortared before it was calcined for 4 h at 360 ºC 
in air, using a ramp rate of 2 ºC∙min-1. The prepared powder was then reduced twice at 
300 
o
C in 9 % H2 balanced with argon, first for 10 h and then for another 20h. The ramp 
rate was 2 ºC∙min-1.  
B.2.2 Characterization of electrocatalysts 
The crystal structures of the as- synthesized, the calcined and the reduced catalyst 
powders were analyzed by X-ray powder diffraction using a Bruker D8 Advance 
diffractometer with Cu Kα radiation and a PSD LynxEye detector. The measurements 
were performed between 15-60 degrees 2theta with a step size of 0.02
 
degrees. EVA 
13.0.0.3 was used for analysis of x-ray diffractogram.  
The shape and the size of the synthesized particles were examined by scanning 
electron microscopy, using a Zeiss Supra 35 electron microscope (in-lens detector) 
equipped with a Noran System SIX microanalysis system from Thermo Electron 
Corporation.  
The average particle distribution was measured using a Beckman LS13320. 
B.2.3 Fabrication of cells 
Two cells with a Cu/ZnO/Al2O3 based cathode and two cells with a Cu- based cathode 
(the same as in Chapters 9 - 11) were prepared following the same co- pressing technique 
as have been described in Chapters 9 - 11. The Cu/ZnO/Al2O3- and the Cu- based 
cathodes consisted of [CsH2PO4 : Copper or Cu/ZnO/Al2O3 : Naphthalene : C-black] 
equal to [3 : 3 : 0.5 : 0.5] by mass. All four cells had platinum based anodes containing 
CsH2PO4, Pt- black (Alfa Aesar, S.A. nominally 27 m
2∙g-1, HiSPECTM 1000), Pt- 
supported on carbon (Alfa Aesar, nominally 50 % on carbon black, HiSPEC
TM
 8000) and 
naphthalene (Sigma Aldrich, 99+%, Scintillation grade) thoroughly mixed in a weight 
ratio of [3:3:1:0.5]. These electrodes have earlier been described by Uda et al. [Uda 
ref111] and in Chapter 9 in this thesis. The active cell area was 0.44 cm
2
 and the edges of 
the cells were polished prior to electrochemical testing in order to avoid short circuits. 
The cells were prepared to get a electrolyte thickness of 635 µm, see Chapter 9. 
B.2.4 Electrochemical characterization 
The electrochemical performance of the two cell types was characterized using 
electrochemical impedance, cyclic sweep measurements and chronoamperometry. The 
electrochemical tests were performed using a single atmosphere test setup, described in 
Chapter 3. EIS was performed at applied cell voltage of 0.0 - 1.0 V using a signal 
amplitude of 10 mV in a frequency range of 100 kHz down to 0.1 Hz. Analysis of 
impedance data was performed using impedance transforms in Ravdav [5]. Cyclic sweep 
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measurements were performed either from 0.0 - 1.0 V or 0.0 - 1.5 V in applied cell 
voltage and the scan rate was set to 50 mV∙s-1. Chronoamperometric measurements were 
performed at applied cell voltages of 0.5, 0.75 and 1.0 V for periods of 10 min. Two cells 
of each type were tested in two separate tests (test 1 and test 2). Electrochemical 
measurements were carried out using a Gamry Instruments, Reference 600 Potentiostat/ 
Galvanostat/ ZRA. The tests were performed at 239 ± 1 ºC in a single atmosphere setup 
and the surrounding gas composition was 20 % H2O, 5 % H2, 20 % CO2 and 55 % N2 or 
20 % H2O, 5 % H2 and 75 % N2.  
B.3 RESULTS 
B.3.1 Characterization of cathode electrocatalysts 
Figure B.1 show X-ray diffractograms of the powders after calcination and after the two 
reduction steps. It was clear that the CuO phase disappeared after reduction and that 
peaks corresponding to metallic copper appeared instead. Remarkable is that no signal 
from Al2O3 was seen in any of the X-ray measurements, even though the synthesis was 
prepared to give 10 mol % of Al2O3 in the final powder. 
 
Figure B.1. X-ray diffractogram of Cu/ZnO/Al2O3 powder after annealing and 
reduction. a) Annealed 4 hours at 360 ºC in air b) reduced for 10 hours at 300 ºC in 9 
% H2 in N2 c) reduced for 10 + 20 hours at 300 
o
C in 9 % H2 in N2.  
Crystallite sizes were estimated using the Debye-Scherrer equation (Equation B.2) 
[Smart & Moore], results from the calculation is presented in Table B.1.  
 
             
  
     
    (B.2) 
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Where K is a shape factor (usually 0.9), λ is the wavelength of the used X-ray emission 
(Cu Kα= 1.54178 Å), θ is the Bragg angle and β is the peak width at hull width half 
maximum (FWHM, radians) [6]. The crystallite size for the Cu/ZnO/Al2O3 powders were 
estimated to be between 5- 7.5 nm for CuO, Cu and ZnO regardless of the heat treatment. 
Scanning electron microscopy of the calcined and reduced (after reduction 1 and 2) 
powders confirmed that small particles were formed during the synthesis. The estimated 
size of the individual particles, seen in SEM, was 10-50 nm after the second reduction 
step, see Figure B.2 (left). Also, it should be pointed out that the particles were 
agglomerated into agglomerates ranging from app. 50 nm up to several microns in size. 
The pure copper particles were in the range of 100 – 400 nm with a majority of the 
particles within 200 – 300 nm, Figure B.2 (right). The particle size distribution was 
measured to be narrower for the pure Cu powder than to the Cu/ZnO/Al2O3 powder. The 
actual number of the distribution was not reproducible and varied for each measurement. 
This since the resolution limit of the particle size analyzer was approximately 100 nm, 
making the results of the analysis to fluctuate.  
Al2O3 was not detected by X-ray diffraction (Figure B.1), but XEDS point analysis 
clearly showed a signal from aluminum as well as from Cu/CuO and Zn/ZnO. The 
synthesis was performed so that the final powder should exhibit 10 molar % of alumina, 
the molar content seen from point analysis of 15 randomly chosen points were 6.3 ± 2.1 
%.  
Table B.1 Crystallite sizes estimated from X-ray measurements presented in Figure 
B.1.  
Cu/ZnO/Al2O3- calcined (4h, 360 ºC, air) 
Compound  FWHM [rad] 2Theta D, [nm] 
CuO  Peaks are not separated enough 
ZnO  0.029774 36.5 5.1 
    
Cu/ZnO/Al2O3- reduced 1 (10 hours, 300 ºC, 9 % H2 in N2) 
Compound  FWHM [rad] 2Theta D, [nm] 
Cu  0.027698 43.2 5.4 
Cu  0.020315 50.3 7.5 
ZnO  0.028588 31.7 5.1 
ZnO  0.02864 36.5 5.5 
            
Cu/ZnO/Al2O3- reduced 2 (10 + 20 hours, 300 ºC, 9 % H2 in N2) 
Compound  FWHM [rad] 2Theta D, [nm] 
Cu  0.020856 43.2 7.2 
Cu  0.021572 50.3 7.1 
ZnO  0.029216 31.7 5.0 
ZnO  0.025516 36.5 6.2 
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Figure B.2. Scanning electron micrographs of the Cu/ZnO/Al2O3- powder after 
reduction 2 (left) and the as-received Cu- powder (right). The micrographs were 
taken using an In-lens/ SE detector. 
B.3.2 Electrochemical characterization 
B.3.2.1 Initial electrochemical performance 
Cyclic sweep measurements were performed at applied cell voltages ranging from 0 - 1.5 
and 0 - 1.0 V for the cell with a Cu/ZnO/Al2O3- based cathode and the cell with a Cu- 
based cathode. The current versus applied voltage behaved similarly for the two cells, see 
Figure B.3, but with the difference that the current density at a given applied cell voltage 
was slightly higher for the cell with a Cu- based cathode. Initial impedance results for the 
one cell of each type are presented in Figure B.4. The serial resistance (Rs), polarization 
resistance (Rp) and the total resistance (Rtot) are further presented in Table B.2. The serial 
resistance was seen to decrease initially, especially clear for cell 2 (Cu/ZnO/Al2O3- based 
cathode), but stabilized at the Rs- value that is shown in see Table B.2 (for an applied cell 
voltage of 1.0 V). The cyclic sweep results were in good agreement with the EIS results; 
i.e. Rtot for the cell with a Cu- based cathode was slightly lower than for the cell with a 
Cu/ZnO/Al2O3- based cathode.  
There was no significant difference in either cyclic sweep measurements or EIS 
measurements when they were performed with or without CO2 in the atmosphere (with 
CO2: 20 % H2O, 5 % H2, 20 % CO2, 35 % N2 and without CO2: 20 % H2O, 5 % H2, 55 % 
N2). 
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Table B.2. Initial total cell resistance (Rtot), Polarization resistance (Rp), and serial 
resistance (Rs) for two cells of each type at applied cell voltage of 0.5 and 1.0 V. 
Atmosphere = 20 % H2O, 5 % H2, 20 % CO2. T = 239 ± 1 ºC. The error was 
estimated from CNLS fitting results of the measured data. CZA = Cu/ZnO/Al2O3 
Cell Cathode 0.5 V Applied cell voltage 1.0 V Applied cell voltage 
-Test  Rtot [Ω∙cm
2
] Rp [Ω∙cm
2
] Rs [Ω∙cm
2
] Rtot [Ω∙cm
2
] Rp [Ω∙cm
2
] Rs [Ω∙cm
2
] 
1-1 CZA 4.94 ± 0.02 1.55 ± 0.02 3. 39 ± 0.02 4.62 ± 0.02 1.24 ± 0.03 3.38 ± 0.03 
2-2 CZA 5.71 ± 0,01 1.66 ± 0.02 4.05 ± 0.02 5.11 ± 0.02 1.39 ± 0.02  3.72 ± 0.03  
3-2 Cu 4.78 ± 0.01 1.02 ± 0.02 3.76 ± 0.01 4.60 ± 0.03 1.11 ± 0.04 3.49 ± 0.01 
4-1 Cu 4.11 ± 0.01 1.05 ± 0.02 3.06 ± 0.01 3.89 ± 0.01 0.96 ± 0.02 2.93 ± 0.02 
 
 
Figure B.3. Initial cyclic sweep curves for measurements carried out at the two cell 
types at applied cell voltages of 0.0 – 1.0 and 0.0 – 1.5 V, T = 239 ± 1 ºC. 
Atmosphere = 20 % H2O, 5 % H2, 20 % CO2. CZA = Cu/ZnO/Al2O3 
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Figure B.4. Nyquist plots of cell 1 (Cu/ZnO/Al2O3) and 3 (Cu) showing initial 
measurements, T = 239 ± 1 ºC. Atmosphere = 20 % H2O, 5 % H2, 20 % CO2. 
Frequency decades are marked with black squares. CZA = Cu/ZnO/Al2O3 
B.3.2.2 Degradation of cell with a Cu/ZnO/Al2O3 based cathode 
Current densities were retrieved from cyclic sweep measurements and decreased from 
134 mA∙cm-2 to 15.3 mA∙cm-2 (at an applied cell voltage of 1.0 V) for cell 2 
(Cu/ZnO/Al2O3- based cathode), after only 21.5 h at open circuit conditions. The 
performance of cell 3 (Cu- based cathode) was in the same time frame improved from 
172 to 185 mA∙cm-2 at an applied cell voltage of 1.0 V. Anyhow, it was possible to partly 
regenerate the performance of cell 2. This was achieved by operating the cell at an 
applied cell voltage of 0.5, 0.75 and 1.0 V, for 10 minutes at each voltage. This resulted 
in a current density increase from 15.3 mA∙cm-2 to 74 mA∙cm-2 at an applied cell voltage 
of 1.0 V. Cell 1 and 4 were tested for shorter periods of time and therefore no data are 
available for their stability. 
B.4 DISCUSSION 
The Cu/ZnO/Al2O3 powder did not show any signal for alumina in the X-ray diffraction 
measurements, but it was clear from EDS analysis that the powder contained Al, but in a 
concentration lower than expected. The synthesis method has previously been explained 
by Jingfa et al. [4] and their X-ray results are similar to the ones found in this study. The 
crystallites from their study were found to be larger than in this study. TEM micrographs 
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showed that their powder contained large agglomerates, just as the SEM characterization 
showed in this study.  
The initial electrochemical measurements showed that the impedance for the cells 
with Cu/ZnO/Al2O3- based cathodes were comparable with that of cells having pure Cu- 
based cathodes, but the stability over time was poor. The current at a given potential 
decreased 9 times within 21.5 h. Anyhow, the performance was partly retrieved after 
operating for 3∙10 minutes at a constant voltage of 0.5, 0.75 and 1.0 V. The reason for the 
recovery is still unclear. 
EIS and cyclic sweep measurements showed the same trend, namely: no differences 
in the polarization resistance or the current density at a certain potential, regardless 
whether CO2 was present in the gas atmosphere or not. Anyhow, some reduction of CO2 
might have taken place even if the electrochemical results did not show any difference in 
their response. This since Cu/ZnO/Al2O3 is a well known catalyst for catalytic reduction 
of CO2 via heterogeneous catalysis [1-4]. Additional measurements with gas analysis 
equipment connected to the test setup are needed before any conclusion regarding CO2 
reduction can be made.  
B.5 CONCLUSIONS 
Cu/ZnO/Al2O3 was successfully synthesized and characterized with respect to crystal 
structure, morphology and particle size. The synthesized powder was tested 
electrochemically as cathodes in solid acid based cells and one cell reached almost 270 
mA∙cm-2 at an applied cell voltage of 1.5 V in CO2 containing atmosphere. 
One cell was tested for a prolonged time, with a poor stability. The measured current 
density decreased by a factor of 9 at a given applied cell voltage within 21.5 hours. No 
evidence for CO2 reduction was obtained during the electrochemical measurements.  
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